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Preface 


This book has emerged from the lecture notes of graduate-level thermodynamics classes. 
The audience of these classes were students of medicine, genetics, biotechnology, and 
engineering (mostly mechanical engineers but also chemical, biomedical, and food 
engineers). Having an audience from different backgrounds enriched in-class discus¬ 
sions and inspired new ideas. Interacting with such a broad range of students and feeling 
their appreciation and getting their feedback was one of the strongest incentives to this 
study. We believe that the only way to understand complicated biological phenomena 
such as aging, muscle efficiency, or cancer is through interdisciplinary team work. This 
team must involve people with a strong background in engineering thermodynamics, 
heat transfer, and fluid mechanics and those with a solid background in chemistry, biol¬ 
ogy, and physiology. We wrote this book in the hope of building a common ground for 
this interdisciplinary team work. In order to achieve this goal, we kept the language as 
free of area-specific terminology as possible. We omitted abstract mathematical formu¬ 
lations as much as we could. We have provided numerous examples that demonstrate 
the biological applications of engineering thermodynamics. The subjects covered in 
introductory-level chemistry books or the nonbiological applications typically covered 
in the chemical or mechanical engineering thermodynamics or statistical mechanics 
books are excluded to keep the focus on “biothermodynamics.” 

We believe that in education, knowledge is transmitted from the masters to the 
apprentices. We owe our courage to perform research on a relatively unknown terri¬ 
tory of biothermodynamics to the great academicians we had the chance to work with. 
Mustafa Ozilgen got his PhD degree from the University of California at Davis in David 
F Ollis’s group, where he had the opportunity to gain experience in biological systems. 
Until feeling the need for coauthoring this book, the major teaching material in his 
classes was the textbook written by Joe Smith (late professor of chemical engineering in 
the University of California, Davis) and his coauthors. Teaching thermodynamics to the 
entire faculty in Massey University at New Zealand, where thermodynamic systems are 
the most important component of the economy, provided him a strong vision to attempt 
to author such a book. Esra Sorgiiven has an MSc degree from Erlangen-Niirnberg 
University, Germany, where she had the opportunity to work in Franz Durst’s group on 
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the simulation of mass, momentum, and energy transfer of chemically reacting flows. 
During her PhD program, she worked on turbomachinery in the Department of Fluid 
Machinery, Karlsruhe University (now Karlsruhe Institute of Technology), Germany. As 
the multidisciplinary environment of the Yeditepe University provided her the chance 
to work with medical doctors and genetic engineers, her background in chemically 
reacting flows and turbomachinery led to the development of the analogies between the 
mechanical and biological systems described in this book. The mechanical engineering 
vision of this book has deep roots in her education received in Germany. 

This is an “engineering thermodynamics” book with biological examples. We believe 
that teaching based on this book would be most efficient if students prepare a term proj¬ 
ect as part of the course work. We have observed that most fruitful projects are prepared 
when the team members have different expertise. If a term project is included, then the 
first three chapters may be used as the teaching material, and Chapters 4 and 5 may be 
used as the supplementary material for the projects. 


Mustafa Ozilgen 

Yeditepe University 
Istanbul, Turkey 

MATLAB® is a registered trademark of The MathWorks, Inc. For product information, 
please contact: 

The MathWorks, Inc. 

3 Apple Hill Drive 

Natick, MA 01760-2098 USA 

Tel: 508-647-7000 

Fax: 508-647-7001 

E-mail: info@mathworks.com 

Web: www.mathworks.com 
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Energy, Entropy, and 
Thermodynamics 


1.1 Energy 

Energy ( e ) is the capacity for doing work. It may exist in a variety of forms and may be 
transformed from one type to another. 

Kinetic energy ( ef) refers to the energy associated with the motion. It is proportional 
to the square of the system’s velocity. 

Potential energy ( e p ) refers to the energy that a system has because of its position or 
configuration. An object may have the capacity for doing work because of its position in 
a gravitational field (gravitational potential energy), in an electric field (electric potential 
energy), or in a magnetic field (magnetic potential energy). 

Internal energy ( u ) refers to the energy associated with the chemical structure of the 
matter. It includes the energy of the translation, rotation, and vibration of the molecules. 
It is the energy associated with the static constituents of matter like those of the atoms 
and their chemical bonds. The internal energy of a matter changes with temperature and 
the pressure acting on the matter. 

Enthalpy Qi) is the energy of a fluid in motion. Consider a fluid particle, which is 
originally at rest and has an internal energy u. If this fluid particle is set to motion, then 
its internal energy does not change, but its total energy increases because of the flow 
motion. The energy that the fluid particle possesses to push all the other fluid particles 
in front of it is called the flow energy, and it maybe estimated as the multiplication of the 
particles’ pressure and specific volume, pv. The total energy of a flowing fluid particle is 
then the sum of its internal energy and flow energy. Accordingly, enthalpy is defined as 

h = u + pv 

Enthalpy of formation (A hf) is the energy required for the formation of 1 mol of a com¬ 
pound from its elements. If all the substances are in their standard conditions, then it is 
called the standard enthalpy of formation, which is denoted with A h°. The superscript 
zero indicates that the process has been carried out under standard conditions. While 
defining the standard conditions, the most common practice is choosing the tempera¬ 
ture as 25°C (298.15 K), pressure as 1 bar, and concentration in a solution as 1 mol, pure 
liquid or solid state at its most stable structure for a substance. 
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The total specific energy of a system is the sum of all different types of energy that the 
system possesses: 


e = u + + e p + pv 

The unit of energy in SI is joule (J), which is named after the English physicist James 
Prescott Joule (1818-1889). He discovered the relationship between heat and the mechan¬ 
ical work, which led to the development of the first law of thermodynamics. Work done 
by moving an object to a distance of 1 m by applying 1 newton of force is 1 J: 


J = N m 

Calorie (1 cal = 4.184 J) is a pre-SI metric unit of energy. In some food product labels, 
kilocalories (kcal) are expressed as Cal, where the first letter is capitalized. 

The British thermal unit (BTU) was the traditional unit of energy in England. It is the 
amount of energy needed to heat 1 pound (454.6 g) of water from 39°F to 40°F (3.8°C to 
4.4°C). The BTU unit is still used in the power, steam generation, heating, and air con¬ 
ditioning industries. It may be related with joule as 


1 BTU = 1.055 J 

Note that the extensive properties depend on the mass of the system. In this book, capital 
letters are used to denote the extensive properties. For example, the total energy of a system 
is denoted as E , which has the unit of kj. The intensive properties are denoted in small let¬ 
ters. For example, the total energy at a point in a system is e = Elm (kj/kg). Fluxes are rep¬ 
resented with a dot. For example, the mass flow rate is m(kg/s) and the heat flux is Q (kj/s). 


1.2 Energy Transfer 

Energy can be transferred from one entity to another. In order to study energy transfer, 
the entity that is to be analyzed has to be defined precisely. In thermodynamics, this 
entity is defined as a system. The precise definition of the system is done by enclosing it 
with a hypothetical 2-dimensional surface, which is called system boundaries. Energy 
transfer occurs only through the system boundaries. 

Energy transfer can occur via mass, work, or heat transfer. Any mass that passes 
through the system boundaries carries its own energy with itself in or out of the system. 

Energy transferred from one system to another by thermal interaction is called heat. 
Amount of heat needed to increase temperature of unit mass of a material by one degree 
is called the specific heat. Parameters c p and c v are the specific heat at constant pressure 
and volume, respectively. Specific heat is expressed in J/mol K or J/g K. 

In physics, work is described as the product of the force and the distance through 
which the force acts: 

Work = (force)(distance) 

In the international unit system (SI, Systeme international d’unites ), newton (N) is the 
unit for force. It is named after the British scientist Isaac Newton (1642-1727) and equals 
to the amount of net force required to accelerate 1 kg mass at a rate of 1 m/s 2 : 

N = (kg m)/s 2 
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There are different types of work, such as the following: 

1. Boundary work (8 w=pdv), which is done by moving a boundary against pressure, 
like expanding a balloon against the atmospheric pressure. 

2. Displacement work (5w = F dx), which is done to move an object a certain dis¬ 
tance. For example, if a toy car is pulled with a force F for a distance dx, then the 
work done for this linear motion is Sw = F dx. 

Another example for the displacement work can be given from mechanical engi¬ 
neering. In a steam turbine, steam applies a torque on the turbine blades, which 
causes rotation. The work extracted from the shaft of this steam turbine is 
8w = x dQ, where x is torque (x = F/r) and dQ is the angle of rotation (dx = rdQ). 
A schematic drawing of a simple turbine impeller is given in Figure 1.1. 

Fluid elements, which are leaving the steam nozzle, have high energy (in the 
form of enthalpy and kinetic energy). As steam flows through the impeller blades, 
its energy decreases. The difference in the total energy of the fluid is transferred to 
the impeller blades. Torque is applied to impeller blades, which cause the rotary 
motion of the impeller. In the pre-industrial revolution times, water and wind¬ 
mills employed the kinetic energy of water or wind to do the work. We will have a 
detailed coverage of the work done by an impeller, while we will be learning about 
the energy cycles in Chapter 3. 

Yet another example for the displacement work can be given from biology as 
the muscle work. During the contraction of a muscle, a tension force is applied 
and the total length of the muscle bundle is decreased. The work performed by 
the muscle is 8w = Fdl, where F is the tension and dl is the decrease in the mus¬ 
cle length. Hill’s model (Hill, 1938) and Huxley’s theory of muscle contraction 
(1957) laid the foundation for the discussion of the muscle work (Holmes, 2006). 
The sliding filament theory is one of the best established models, which describes 
the mechanism of the muscle work at the molecular level, in six-step stretching¬ 
contracting cycles (Huxley and Hanson, 1954; Huxley and Niedergerke, 1954; 
Huxley, 2008; Koubassova and Tsaturyan, 2011). Myofibrils are surrounded by 
calcium-containing sarcoplasmic reticulum. The influx of calcium into the muscle 
from the sarcoplasmic reticulum triggers the exposure of the binding sites of actin, 


Blades 



FIGURE 1.1 Schematic drawing of a simple turbine impeller. 
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and then myosin binds actin. The cross bridge between actin and myosin causes 
the sliding of the filaments, and the muscle contracts. Then ATP comes in, dissoci¬ 
ates into ADP, increases energy of the filaments, and brings the muscle back to the 
stretched position, while the calcium ions are transported back into the sarcoplas¬ 
mic reticulum. This cycle repeats itself as long as the muscle work continues. The 
schematic description of the sliding filament theory is given in Figure 1.2. 

The work loop technique is used to evaluate the mechanical work output of 
muscle contractions (Josephson, 1985). A work loop combines three separate 
plots: the muscle force versus time, muscle length versus time, and muscle force 
versus muscle length. The force versus length plot is called the work loop, where 
each point along the loop corresponds to a force and a length value at a unique 
point in time. 

3. Electrical work (8w = F E dr ), which is done to move an electrical charge, q, between 
two points. Here, F E is the Coulomb force, and dr is distance. The electrical work 
can also be expressed in terms of voltage difference as 5w = qdV. An example for 
the electrical work can be given from biology as the neuronal signal transmission. 
Power is defined as energy utilization or work done in unit time. The SI unit of 
power is watt (W). One watt is the rate at which work is done when an object’s 
velocity is held constant at 1 m/s against constant opposing 1N force: 

W = J/s = (N m)/s = (kg m 2 )/s 3 



FIGURE 1.2 


Schematic description of the sliding filament theory. 
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Example 1.1: Work Done to Blow Up a Balloon 

Calculate the work done to blow up a balloon. The initial volume of the balloon 
is V 0 , and its final volume is Vf. 

This example aims to demonstrate the importance of defining the system 
boundaries precisely. In praxis, it is very common to describe the system only 
ambiguously. This is partially because the governing equations are tradition¬ 
ally derived with a Lagrangian approach. In Lagrangian mechanics, systems are 
always solid bodies, for which the system boundary is the same as the body’s 
surface. But as systems involve complicated physical structures or mass trans¬ 
fer through the boundaries, a precise description of the system boundaries is 
a must. For example, here, it is not enough to define the system as the balloon. 
We have to precisely determine whether the balloon skin is inside or outside the 
system (Example Figure 1.1.1). 

If the system boundary is defined as the inner surface of the balloon skin, 
then the work done is 


inner ~ Pinner 0^/ C ) 

If the system boundary is the outer surface of the balloon, then the work done is 
consumed to push the air molecules in the surroundings. In other words, work 
is done against a pressure of P surroundings : 

^ T outer Psurroundings (^/ ) 

The difference between the two works is the work done to elongate the balloon skin: 
W -W , = f Fdl 

yy inner vy outer I x l/lt 

balloon 



EXAMPLE FIGURE 1.1.1 The alternative choices for the system boundaries of 
the balloon skin. 
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Example 1.2: Calculation of the Work Done to Inject the Viral DNA 
into Host Cell 

The lytic cycle is one of the main ways of viral replication, where a phage virus 
attaches to the surface of a bacterial cell and then injects its own DNA in (Example 
Figure 1.2.1). The host mistakenly copies the viral DNA and produces capsids, the 
protein shell of the viral DNA. When the number of viruses inside becomes too 
much for the cell to hold, the membrane bursts and the viruses are released. 


Before attachment 


Attachment 


Lysis 


Virus 




(b) Base plate (c) 


EXAMPLE FIGURE 1.2.1 Schematic drawings of the lytic cycle (a) and the 
structure of a typical tailed bacteriophage (b). The folded DNA packed into the head 
(capsid) has high Gibbs free energy. At the beginning of the injection process, the 
base plate attaches to the receptor on the cell wall (c); the DNA starts unpack¬ 
ing; thus, the Gibbs free energy of the DNA is converted into work (Steven, 1993; 
Spakowitz and Wang, 2005). The DNA then travels through the tail, makes a cavity 
in the cytoplasm, while being ejected. The cytoplasm is regarded as a solution of 
hard spheres. The DNA needs to do work to push the hard coils away while being 
ejected. The details of the mechanism of the virus-related DNA injection into a bac¬ 
terial cell are described by Furukawa et al. (1983) and Rossmann et al. (2004). 
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When the viral DNA pushes the cytoplasmic fluid away to make a cavity to place 
itself in, the work done against the pressure, p, and the surface tension, a, is 

dw = pdv + ads 


If the cavity is spherical, we may rewrite this equation as 


dw = p (4nr 2 ) dr 


+ a 



2nrdr 


where the first term p{4nr 2 )dr represents the work done by moving the spherical 
surface of area (4jtr 2 ) against the cytoplasmic pressure p by distance dr. In the 
second term, a is the surface tension of a flat surface; we make it valid for the 
spherical surface after multiplying with the term (1—8/r), where d is referred to 
as the Tolman length. The term 2nr is the circumference of the circle of radius r; 
after multiplying it with dr, we obtain the area of a circular segment 2k rdr. The 
entire second term of the equation, o(l—8/r)2itrdr, describes the work done to 
generate the incremental surface area 2 ji rdr. We may integrate the equation to 
calculate the total work needed to create a cavity of diameter d c (Castelnovo 
et al., 2003; Evilevitch et al., 2004) as 


w dc/2 i c n 

Jdw= J p(4nr 2 )dr+ j" ofl J27t rdr 


or 


W = Ka8d c + ~ a +— d] 

4 6 

Pressure, p, applied to the cell wall of Escherichia coli was reported to be 
3.5 x 10 5 Pa (Stock et ah, 1977) and the surface tension, a, of the cytoplasm is 
assumed to be 300 dyn/cm (Koch et ah, 1981), and the Tolman length is 0.02 nm 
(Castelnovo et ah, 2003). After substituting the numbers in equation, we will 
calculate the work as 

W = na8d c + ™d? + ^d? = 1.2xl0-”l 
4 6 


Example 1.3: Estimation of the Flagella Work Done by 
Chlamydomonas reinhardtii 

Chlamydomonas reinhardtii is a photosynthetic alga and moves around with 
the flagella work (Silflow and Lefebvre, 2001). At negligibly small Reynolds 
numbers after assuming that it has a spherical shape, the drag force F d on 
C. reinhardtii may be calculated with the help of the Stokes law as 


F d =-3nr\dv 
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where r| is the viscosity of the medium. Rafai et al. (2010) calculated the drag 
force F d on each algal cell according to the Stokes law within the range of 
1.1-2.5 mPa s viscosity as 2.510 -13 N. The drag force when multiplied with the 
estimated average velocity (v = 50 pm/s) gives the estimate of the flagella work 
performance rate of a single C. reinhardtii cell as 


W = (F d )(v) = (2.5 xlO" 13 N)(50 pm/s) 


lm 

10 6 pm 


= 1.25xl0' 17 J/s 


the dot on the symbol W tells us that what is calculated here is not work (with 
unit J) but the work performance rate (with unit J/s). 


Example 1.4: Estimation of the Electrical Work Done in Each 
Opening of a Sodium Gate during Action Potential 

There are a lot of examples in the biological systems to the work done while 
moving a charge against an electric potential difference, such as transmitting 
the stimulus along the axons (see Example 4.6): 

Sw = q c dV e 

where dV e is the voltage difference in volts across which the charge q in coulombs 
is traveling. In conventional electricity the charge carriers are usually the elec¬ 
trons, whereas in biological systems Na + and K + ions may also be the electric 
charge carriers. The medium charge in conventional electricity is electrical 
wires; in the biological systems, intracellular and extracellular fluids may serve 
as the electric carriers (Example Figure 1.4.1). 

The nerve and muscle cells are excitable in terms of potentials and currents. 
At the resting state of the neurons, Na + concentration is higher outside and 
K + concentration is higher inside. The K + ion leakage across the membrane 
brings the voltage difference to —70 mV. Normally, the Na + gates remain in 
the closed state. Action potential opens them and the inflow of the Na + ions 
rises the membrane voltage to +50 mV. As the action potential passes in the 
direction of nerve impulse, K + gates open by allowing the K + ions to flow out 
and dropping the voltage again to —70 mV (Hodgkin and Huxley, 1952). In 
the typical neuron, 10 +4 Na + ions cross the membrane in millisecond when a 
single Na + gate is open. Since the charge of one electron is known to be about 
—1.60 x 10 -19 C, we may calculate the work done in the electric field during 
this action as 

W = [(|-70| + |+50|) raV«] [(1.60xl0 -19 xl0 4 )c] = 1.92xl0 -18 J/s 
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Na + 


Extracellular 

space 


System boundary 


Cell membrane 


Intracellular 

space 


• y System 

r m m=*sm 


L.nn.J 

K* 


t=t n 


t= t. 


♦ 

t = u 


* 


t = to 


• • 


•• !•. J0J / 

ATP ADP 


t=tr 


t=t n 


EXAMPLE FIGURE 1.4.1 Schematic description of the ion transport along the 
membrane. 


1.3 The Emergence of the Steam Engine 
and Thermodynamics 

The earliest energy resource employed for doing work was the nutrients used to 
fuel the muscle work. There were a few major occasions in the history where people 
switched from one major energy resource to another. The coldest century in the his¬ 
tory of Europe was the seventeenth century, where people burned all the firewood 
for warming, and then all the woods around the human settlements were depleted, 
which forced people to turn to coal. So, the way to the discovery of the steam engine is 
opened (Ozilgen, 2014). The first transition from one energy source began in the early 
1700s with a switch from human and animal muscle work and wood to fossil fuels, 
which then motivated the discovery of the steam engine and the beginning of the 
industrial revolution. The steam engine improved industrial production drastically 
and caused tremendous changes in the prevailing social structure (Ozilgen, 2014). The 
use of the steam engine in locomotives and ships enabled the people to travel to far¬ 
away places to set up colonies, which carried the revolution to the second stage, where 
coal, raw materials, and market for industrial products became highly demandable. 
The drastic increase in the demand for the raw materials and the market to sell the 
products led the way to the first and the second world wars, and social changes all 
around the world, and gave rise to political ideologies like capitalism and communism. 
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Thermodynamics was the scientific counterpart of all of these events. People started 
studying thermodynamics when they started working on the steam engines. The driv¬ 
ing force of these studies was the urge to obtain the maximum work by using the mini¬ 
mum coal. Thermodynamics first entered into the mechanical engineering curricula 
to study steam engines, internal combustion engines, power plants, and refrigeration 
cycles. Later it entered into the chemical engineering curricula especially to study 
hydrocarbon separation processes. The concept of entropy was used in electrical engi¬ 
neering as a measure of information content. 

Thermodynamics was used to be one of the technological sciences taught in engi¬ 
neering and science curricula. The technological sciences , according to Hansson 
(2007): 

1. Have human-made rather than natural objects as their ultimate study objects, like 
a steam engine 

2. Include the practice of engineering design, like designing a power plant to achieve 
a predetermined capacity of electric power production 

3. Define their study objects in functional terms, like enthalpy and entropy 

4. Evaluate these study objects with category-specified value statements, like cal¬ 
culation of coal required to produce predetermined amount of electricity, then 
relating these numbers with the efficiency of the plant 

5. Employ less far-reaching idealizations than the natural sciences, like using block 
diagrams of the equipment, rather than detailed sketches 

6. Do not need an exact mathematical solution when a sufficiently close approxima¬ 
tion is available 

“The development that meets the needs of the present generations without compromising 
the ability of the future generations to meet their own needs” is referred to as the sus¬ 
tainable development (Borland et al., 1987). In the assessment of new energy sources, 
sustainability, that is, renewability, is an important concern. Sustainability depends 
both on the energy content of the input materials and the process pathways (Thamsiriroj 
and Murphy, 2009). A successful energy source has to be sustainable in economic, social, 
environmental, and thermodynamic aspects, including—among other criteria—mini¬ 
mization of the net carbon dioxide emission, and to be complementary with the food 
supply and waste management programs (Cramer et al., 2006; Worldwatch Institute, 
2007; Goldemberg et al., 2008). Since the fossil fuels are not renewable, industrial devel¬ 
opment that is based on their consumption is not sustainable. 

Steam engine was not built by one person; it was built by many contributors in many 
centuries (Figure 1.3). The inputs to the steam engine are coal and air, and the outputs 
are carbon dioxide, ash, waste heat, and work. People have met with the concept of 
industrial environmental pollution after the invention of the steam engine. Carbon 
dioxide and the other greenhouse gases, waste heat, and ash are among the major 
environmental pollutants of the twenty-first century. With the buildup of the scientific 
knowledge, the field of application of thermodynamics expanded, and after the early 
2000s thermodynamics started to go beyond the limits of the technological science, 
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FIGURE 1.3 Steam engine was not built by one person; it was built by many contributors 
in many centuries, (a) Thomas Savery built the first commercial steam engine Miner’s friend 
to drain the flood waters from the coal mines in 1702. (Courtesy of Savery, T., Tire Miners 
Friend or an Engine to Raise Water by Fire, London, 1702, available at http://himedo.net/ 
TheHopkinThomasProject/TimeLine/Wales/Steam/URochesterCollection/Savery/index. 
htm, accessed September 9, 2016.) (b) In 1711, Thomas Newcomen developed a steam engine 
in England. It could do work equivalent to those of 500 horses, which led to the definition of 
horse power (hp) as a power unit. Newcomen’s engine required very large amounts of coal to 
operate. (Courtesy of Black, N.H. and Davis, H.N., Practical Physics. MacMillan, New York, 
1914.) (c) James Watt used insulation to reduce the heat loss and increased the fuel efficiency of 
the steam engine by 75%. Power unit, watt (W), was named after James Watt. Although horse 
power is regarded as a historic power unit, one hp equals to 746 W or 746 J/s. We will frequently 
need to express the power in 10 3 ,10 6 , etc., Joules. We will refer to the prefix described in Table 
Al.l while doing that. (From Thurston, R.H., A History of the Growth of the Steam Engine, 
Stevens Institute of Technology, Hoboken, NJ, 1878; James Watt’s photo by Carl Frederik von 
Breda.) (d) George Stevenson (1781-1848) built a steam-powered locomotive in 1814, which laid 
the foundation for modern railways. (Courtesy of Keeling, A.E., Great Britain and Her Queen, 
Project Gutenberg eBook, http://www.gutenberg.org/etext/13103, accessed September 9, 2016.) 
(e) William Symington (1764-1831) mounted the steam engine to a ship successfully. Steam 
technology served as a school for the later technologies throughout the world. (Courtesy of 
Bowie R., Scottish Shipbuilding Innovations, 1883, available at http://www.martinfrost.ws/, 
accessed September 9, 2016.) 
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and associated with the biological sciences (Petela, 2008), and papers suggesting 
application of thermodynamics while studying response of the human body to the 
environmental changes (Tokunaga and Shukuya, 2011), health sciences and nutrition 
(Fienman and Fine, 2004; Lusting, 2006), aging (Silva and Annamalai, 2008, 2009), 
and ecology (Jorgensen and Nielsen, 2007; Smith, 2008) appeared in the journals. 

Terminology used in thermodynamics is adapted from old Greek and Latin. The 
word thermodynamics was derived from Greek words thermos, heat and dynamis, 
power. It was spelled as thermo-dynamics in the 1850s and 1860s to refer to a newly 
appearing science about the operation of the steam engine, and then the hyphen was 
omitted. The words temperature and pressure originate from Latin words tempatura 
and pressura. The term volume is related with Greek and Latin words volumen, bulk, mass, 
quantity. The term heat is derived from similar words used in medieval English and old 
German. The symbol q, which is used to denote heat, is taken from the French version 
of heat calorique. The terms energy and enthalpy originate from Greek words energeia, 
activity and operation and enqalpein, to heat, respectively. Rudolf Clausius combined 
the Greek words en, contents and tropein, transformation implying contents in transfor¬ 
mation while introducing the concept of entropy (Battino et al., 1997). The term exergy 
comes from the Greek words ex, from and ergon, work (Dinner and Qengel, 2001). Exergy 
is the measure of the useful energy of a thermodynamic system, with respect to a datum 
that is usually the dead state after being corrected for the entropy effects (Dinner and 
Qengel, 2001; Sorgiiven and Ozilgen, 2010, 2012; Ozilgen and Sorguven, 2011). 

Steam engine was inefficient in terms of the ratio of the work output to energy input 
and massive in size and therefore replaced with the internal combustion engine during 
the twentieth century. Growth of the automotive and the oil industries reinforced each 
other. Henry Ford and his contemporaries transformed the automobile industry from 
being a craft to mass production in the 1920s. Oil embargo, which was imposed by OPEC 
members against the United States, the United Kingdom, and some other countries, 
convinced the developed nations to turn onto the renewable energy. Natural resources 
with the ability of being replaced through biological or other natural processes with the 
passage of time are called renewable resources. They are part of our natural environment 
and form our ecosystem. Brazil turned onto bioethanol, and France chose the nuclear 
power, while the search continued for renewable alternatives (Solomon and Krishna, 
2011; Ozilgen, 2014). 

Petroleum became a valuable product in the 1860s. Its price was high at the very 
beginning as it was used as a fuel for street lights. Oil prices reached a relatively low 
level after the 1900s. The major consumption was for gas lighting in the 1900s (British 
Petroleum Company, 2011). Diesel engines ran on peanut oil when it was first manufac¬ 
tured in the early 1900s, but it was replaced with petroleum later due to the lower cost 
of petroleum. Ford Model T was the first mass-produced car in the 1920s.Oil prices fol¬ 
lowed a reasonably smooth course until 1973. Elvis Presley’s Pink Cadillac, which was 
big enough for two people to perform a dance show on, may be regarded as the symbol 
of the days when the idea of energy savings was not prevalent (Ozilgen, 2011, 2014). After 
the Arab-Israeli War, oil prices quadrupled between October 1973 and January 1974 
(Park, 1992). People started to look for ways to improve the energy efficiency of the pro¬ 
cess and later for renewable alternatives to fossil fuels after this hike. Biodiesel became 
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one of the most reasonable alternatives to fossil fuels at the beginning of the twenty-first 
century. Vehicles such as soybean bus, i.e., the bus running on biodiesel produced from 
soybean, became popular in the early twenty-first century. 


1.4 The Source, Storage, and Utilization 
of Energy in Biological Systems 

Solar energy is the major energy source on Earth. Plants grow by utilizing solar energy 
for photosynthesis, where C0 2 is the starting chemical. Animals eat the plants to grow. 
Plant materials like starch and cellulose and fat stored in the animal cells are among the 
chemicals that contain high-energy bonds. If the plants and animals die and entrapped 
under the ground, they may be converted into the fossil fuels. The other alternative to 
fuel production is converting plant and animal material with chemical reactions into 
biofuels in a factory (Figure 1.4). Regardless of whether we use a fossil or biofuel, when 
we burn it, we produce C0 2 , the starting molecule of the cycle. 
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FIGURE 1.4 The cycle of carbon dioxide release in energy-utilizing processes and its recapture 
via photosynthesis. 




















































14 


Biothermodynamics: Principles and Applications 


TABLE 1.1 Energies of Some Biologically Important Bonds 


Bond 

c=c 

c=o 

c=c 

O-H 

H-H 

C-H 

N-H 

C-C 

C-O 

Bond energy 
(kj/mol) 

828 

723 

606 

456 

431 

410 

385 

334 

330 


Source: Adapted from Laidler, K.J., Physical Chemistry with Biological Applications, Benjamin/ 
Cummings Publishing Co., Menlo Park, CA, 1980, p. 167. 


The biological compounds, as explained in Figure 1.4 describing the formation of the 
bio or fossil fuels, store the chemical energy in their bonds. The bond energy is the mea¬ 
sure of the strength of a chemical bond and defined as the energy required for breaking 
it (Benson, 1965; Gronert, 2006). The bond energies are usually affected by the chemical 
structure of the neighboring bonds; therefore, the bond energies given in Table 1.1 are 
approximate values. 


Example 1.5: Comparison of the Bond Energies of Two Important 
Metabolites—Glucose and the Oleic Acid Tail of a Triglyceride 

Glucose is the starting molecule of the energy metabolism. Energy demand of 
the cell is met by metabolizing glucose, that is, extracting the energy hidden 
in its bonds, through glycolytic pathway, citric acid cycle, and electron trans¬ 
port chain. Example Figure 1.5.1 describes the structure of glucose given in the 
literature. 

Solubility of glucose in water is very high due to the hydrogen bonds made 
between the OH groups and water. The total bond energy of the glucose mol¬ 
ecule may be estimated by adding up the energies of all the bonds (Example 
Table 1.5.1). 

Total bond energy of glucose implies that if the molecule should be divided 
into its atoms, approximately 9230 kj/mol of energy will be released. 

In the animal cells, glucose is converted into fats to store internal energy. 
A triglyceride is produced by reacting three fatty acids with a glycerol (Example 
Figure 1.5.2). The tails, R groups, are the major energy source of a fatty acid. 
Oleic acid is one of the common fatty acids employed in the fats deposited in the 
adipose tissue of the animal cells. 



EXAMPLE FIGURE 1.5.1 Molecular structure of glucose. 
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EXAMPLE TABLE 1.5.1 Details of the Procedure of the Estimation of the Total Bond 
Energies of Glucose 


Bond 

Bond Energy (kj/mol) 

Number of Bonds/ 
Molecule 

Total Bond Energy/mol 
(kj/mol) 

C-H 

410 

7 

2870 

c-o 

330 

7 

2310 

c-c 

334 

5 

1670 

O-H 

456 

5 

2280 

H bonds 

20 

5 

100 



Total bond energy 

9230 


O 

0 



„,c-o„ »A 

FI 2 C-0 / A r 



1 0 

1 0 

A 



X 

n— 

1 

o 

X 

+ 

X 

1 

> 

33 

—► FIC-c/nr, 

+ 3H,0 


0 

0 



„J-o„ K-A* 

H 2 C-0 / ^R 3 



Glycerol Fatty acids 

Triglyceride 

Water 


EXAMPLE FIGURE 1.5.2 The triglyceride synthesis reaction. 


EXAMPLE TABLE 1.5.2 Details of the Procedure of the Estimation of the Total 
Bond Energies of Oleic Acid 

Number of Bonds/ Total Bond Energy/mol 


Bond 

Bond Energy (kj/mol) 

Molecule 

(kj/mol) 


c=o 

723 

i 

723 


C=C 

606 

i 

606 


O-H 

456 

i 

456 


C-H 

410 

33 

13,530 


c-c 

334 

16 

5,344 


c-o 

330 

1 

330 




Total 

20,989 



Estimation of the bond energy of 1 mol of oleic acid CH 3 (CH 2 ) 7 CH = 
CH(CH 2 ) 7 COOH is described in Example Table 1.5.2: 

(20,989 kj/mol) - 1 - =74.3kJ/g 

V \ 282.5 g/mol J 8 

Bond energy of 1 g of glucose is (9230 kj/mol) (1 mol/180 g) = 51.3 kj/g; therefore, 
bond energy of 1 g of oleic acid is 1.4 times of that of glucose. 
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Utilization of chemical energy stored in the bonds of the carbohydrates and fats 
powers the biological processes in every organism. Organisms are designed by 
nature to store an energy reserve to be used in case of emergency. In the human body, 
any disruption or disorder in this process signals for a health problem (Beloukas 
et al., 2013; Villa et al. 2013). Short polymers of glucose like glycogen are employed 
as the short-term energy reserve for organisms since they are simple to metabolize. 
Fatty acids, triglycerides, and other lipids are commonly used for long-term energy 
storage by the animal cells. The hydrophobic character of lipids requires them to 
get into a compact form away from the water. Plant cells utilize starch, a long- and 
multichain polymer of glucose to store the chemical energy. The strong affinity of 
carbohydrates for water makes storage of large quantities difficult due to the large 
molecular weight of the solvated water-carbohydrate complex. Since the plants do 
not move around, it is feasible for them to store starch as the energy source, but 
this is not feasible for the animals, since the energy cost of moving around with the 
large volumes of the carbohydrate-water complex would be very high. Triglycerides 
coming from the foods are split into glycerol and fatty acids in the intestine, carried 
with the blood to the adipose tissue, rebuilt there, and stored as fat. When the body 
requires fatty acids as an energy source, the hormone glucagon signals the break¬ 
down of the triglycerides known as lipolysis. The free fatty acids released by lipoly- 
sis enter into the bloodstream and circulate throughout the body. They are broken 
down in the mitochondria to generate acetyl-CoA. In the energy metabolism, the 
electron transport chain follows the citric acid cycle. Acetyl-CoA enters into the 
citric acid cycle. Oxygen enters into the oxidative phosphorylation process, where 
carbon dioxide and water are the final products. Converting the carbohydrates into 
lipids for storage and then reconverting them to the intermediaries of the energy 
metabolism are a costly process when compared with storing them as the polymers 
of glucose (Ozilgen and Sorgiiven, 2013); this makes starch a preferred storage mate¬ 
rial for the photosynthetic organisms. Processing of the high-energy storage carbo¬ 
hydrates in the energy metabolism with the purpose of ATP production is depicted 
in Figure 1.5. 

Brewing is a typical example of such a metabolic process (Figure 1.5). In a typi¬ 
cal brewing process, malted barley is almost always the main source of starch and 
enzymes. In the malting stage, starch is converted into fermentable sugars. The next 
step is the mashing step during which malt is hydrolyzed and its soluble fractions 
are extracted. Mashing is followed by the separation of the nonsoluble components 
and boiling with hops to incorporate desirable flavor and aroma to the beer. In the 
fermentation stage, fermentable sugars are mainly converted into ethanol. During 
the downstream processing stage, the beer is filtered, stabilized, and bottled (Linko 
et al., 1998). Most cancer cells predominantly produce energy by a high rate of gly¬ 
colysis followed by lactic acid fermentation in the cytosol, rather than by a compara¬ 
tively low rate of glycolysis followed by oxidation of pyruvate in mitochondria as in 
most normal cells (Bao et al., 2013). This is called the Warburg effect in oncology 
(Bensinger et al., 2012). Skipping the glycolytic pathways and providing energy input 
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FIGURE 1.5 Schematic description of the major pathways of the energy metabolism: Glycolytic 
pathway is anaerobic, whereas TCA cycle and electron transport chain are aerobic pathways. 
Pyruvate is produced in the glycolytic pathway, then either converted into ethanol, lactic acid, 
etc., or sent to the aerobic metabolic pathways. 


to the other stages of the energy metabolism may be a promising treatment method. 
Similar views were also expressed by Seyfried et al. (2011) while reviewing brain 
cancer management. 


1.5 First Law of Thermodynamics 

The principle of the conservation of energy is known as the first law of thermody¬ 
namics. The first law is usually summarized as energy can neither he generated nor 
destroyed but may be converted into other forms of energy, heat or work as described 
in Figure 1.6. 

Present form of the first law of thermodynamics has been structured with the contri¬ 
butions made by numerous scientists (Keenan and Shapiro, 1947; Bejan, 2006) as 


Yj_m(h + e p + e k )] in -Y J [m(h + e p + e k )\ ut +Y J Qi-W = 


d\ m(u + e p +e k ) 

L \ r 'J system 


dt 
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FIGURE 1.6 First law of thermodynamics gives the accounting of the conversion of differ¬ 
ent forms of energy into any other form of energy, heat, or work. This figure represents a case 
where kinetic, potential, and internal and flow energies are entering a system, heat, work, 
and enthalpy are leaving. The same law is applicable to the cases where any of these arrows 
are reversed. 

The left-hand side of the equation ( de/dt) represents the energy accumulation 
within the system boundaries. This term can be positive (or negative), if there is 
more (or less) energy flowing into the system than flowing out of the system. Under 
steady-state conditions, that is, if nothing changes with respect to time, then de/dt = 0. 
The right-hand side of this equation represents the net energy flow into the system. 
Energy flow through the system boundaries may occur via mass, heat, or work trans¬ 
fer. Since thermodynamics was born from analysis of steam engines, heat going into 
and work going out of the system are regarded as positive quantities. Each stream 
entering into a system carries its energy in (Figure 1.6). The total energy of a stream 
contains of its 

• Internal energy, for example, energy associated with the atomic and molecular 
structure, u 

• Kinetic energy, e k 

• Potential energy, e p 

• Flow energy , pv, for example, the work done on a molecule in the flow system by 
the other molecules that are pushing it forward 

In chemical (Balzhiser et ah, 1972; Smith et ah, 2005) and mechanical (Qengel and 
Boles, 2007) engineering texts, work is usually related with the expansion of the system 
boundaries against a pressure; Bejan (2006) refers to muscle work briefly and without 
going into biological details while discussing the constructal theory of running, swim¬ 
ming and flight. Hill’s model of muscle contraction (Hill, 1938) and Huxley’s theory of 
muscle contraction (1957) laid the foundation for the discussion of the muscle work 
(Holmes, 2006). The sliding filament theory suggests that the myofibrils in a muscle 
are surrounded by calcium-containing sarcoplasmic reticulum. The influx of calcium 
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into the muscle from the sarcoplasmic reticulum triggers the exposure of the binding 
sites of actin, and then myosin binds actin. The cross bridge between actin and myosin 
causes the sliding of the filaments, and the muscle contracts. Then ATP comes in, dis¬ 
sociates into ADP, increases energy of the filaments, and brings the muscle back to the 
stretched position, while the calcium ions are transported back into the sarcoplasmic 
reticulum. This cycle repeats itself as long as the muscle work continues (Huxley and 
Hanson, 1954; Huxley and Niedergerke, 1954; Huxley, 2008). The work loop technique 
is used to evaluate the mechanical work output of muscle contractions (Josephson, 
1985). The experimental data are usually collected as the muscle force versus time, 
and the muscle length versus time, and then these data are combined in the plot of 
the muscle force versus the muscle length, which is called the work loop, where each 
point along the loop corresponds to a force and a length value at a unique point in 
time. Human walking may be simulated with the inverted pendulum-like model of 
movement (Griffin et al., 2004; O’Neill and Schmitt, 2012), while human running and 
hopping and galloping of the animals may be studied with the bouncing model (Geyer 
et ah, 2005; Legramandi et ah, 2013). 

While performing muscle work heat, q, is released. Resting-state heat release accom¬ 
panying ATP production in the energy metabolism, excluding the muscular activity, is 
described in detail by Genq et al. (2013a,b). There are detailed molecular level studies in 
the literature as reviewed by Ketzer and de Meis (2008) concerning the heat produced 
during the muscular activity. There are also studies in the literature relating the heat 
released by the body to the diet (Tataranni, 1995; Gougeon et ah, 2005). After reviewing 
50 studies, Granata and Brandon (2002) reported that the methodological variations 
in the protocols of the studies aiming the determination of the thermic effects of foods 
make it very difficult to make a sound conclusion. The first law of thermodynamics has 
also been the topic of the studies related with dieting or obesity (Buchholz and Schoeller, 
2004; Feinman and Fine, 2004; Fine and Feinman, 2004; Lusting, 2006). Among the 
second law studies of biological concern, we may cite the ones on human body exergy 
metabolism (Mady et ah, 2012; Mady de Olivera, 2013) and muscle work efficiency ((^atak 
et ah, 2015; Sorgiiven and Ozilgen, 2015) of significant concern. 

For a steady flow system with one inlet and one outlet and no heat or work transfer 
across the system boundaries, the energy balance can be rearranged as 

m(u pjn — Up'Qut) "t in( p v ln — pv out j + tn(e p ln — e p j0u; ) + f'liicp,,, Cfc )0U t) 0 

For incompressible fluids, this equation can be further simplified as 

m(pin pout)^ m(epi n e p iQUl ) -t m[cpj n ep i0Ut ) 0 

By dividing the equation over the mass flow rate and v, we can obtain the energy balance 
between two points (point 1 and point 2) as 


{pi-p 2 ) + pga{hu~hi a ) + ^p{vi -vf) = 0 
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In engineering, this equation is referred to as the Bernoulli equation. The Bernoulli 
equation shows that the total energy of a fluid remains constant at each point in a flow 
field, if heat or work transfer does not occur. 


Example 1.6: Work Done by the Heart 

The detailed depiction of the cardiovascular system is available in physiol¬ 
ogy books such as Tortola and Grabowski (1993) and Shier et al. (2015). Heart 
is the organ that performs the work to circulate the blood in the body. The 
solutions offered to the heart problems developed in proportion with the 
information obtained about the energy metabolism (Beloukas et al., 2013). 
Blood is circulated through the body with the pumping action of the heart. 
The schematic description of the circulatory system is given in Example 
Figure 1.6.1, where venae cavae bring 0 2 -poor blood to the right atrium, and 
then the blood passes through a valve and flows to the right ventricle, then 
through the pulmonary arteries to the lungs, where 0 2 -poor blood becomes 
O, rich after the exchange of C0 2 and 0 2 . The pulmonary vein delivers the 
0,-rich blood to the left atrium, and then it flows into the left ventricle. 
Heart muscles contract and pump blood out through the aortic valve into 
the aorta. Blood flowing through the aorta is circulated through the arte¬ 
riovenous system of the body. 

In this example, we will calculate the total work done by the heart. We are 
going to consider the right and left sides of the heart as systems 1 and 2, respec¬ 
tively The system boundaries are shown in Example Figure 1.6.1. Note that the 
system boundaries involve the blood filled inside the heart cavity The heart 
muscles are not included in the system. The work done by the contracting heart 
muscles is transferred through the system boundaries as work. This work is 
used to increase the total energy of the blood. Since blood is an incompressible 
fluid undergoing an isothermal process, increasing its total energy means to 
increase its pressure. 

In this example, we used cardiovascular data of an average adult man, who 
has a heart rate of 65 beats per minute with a stroke volume of 70 mL. Stroke 
volume is defined as the volume of blood discharged from the ventricle to the 
aorta with each heartbeat. The pressure difference between the outlet and the 
inlet of system 1 (right side of the heart) is given as A p = 15 mmHg and system 2 
(left side of the heart) as A p = 91 mmHg. 

The volume and the mass of the blood pumped in 1 min are 

V out =(70 mL/beat)(65 beats/min) = 4550 mL/min 


corresponding to a mass flow rate of 


Wlout 


(v'outXpwood) = (4,550 mL/min) (1.056 g/mL)(60min /h) = 288,288 g/h 
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EXAMPLE FIGURE 1.6.1 Schematic description of the circulatory system. 
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The first law of thermodynamics requires 

[m(u+e p + e* + pv)]^ -[m(u + e p + ek + P v )] 01(f +q-w =—[m(u+e p +e l )] aa . 

There is no internal energy, potential energy, or kinetic energy change involved 
in the process. There is no energy accumulation in the heart and also there is 
no heat transfer involved in the process; then the expression for the first law of 
thermodynamics becomes 

th in (pv) in - m out (pv) out - WleftMe = 0 


when we consider the left side of the heart, m in stands for the mass of the blood 
coming to the heart through venae cavae, and m out stands for the mass of the 
blood leaving the heart through the pulmonary arteries. The work is per¬ 
formed via contraction and relaxation of the heart muscles. When we substitute 
v = 1/P moo* then 

_ • Ppulmanarvein paorta • -A p 

Wleftside ^leftside ^leftside 

P blood P blood 


When A p = 91 mmHg, we can calculate the work done by the left side of the 
heart as 


^leftside =(288,288 g/h) 


1 


f 11 ) 

f , 3 \ 

1 m 

v lNm ; 

^ lxlO 6 mL y 


v 1.056 g/mLy 

= -3,312 J 


-91 mmHg 


1.01325x10 s N/m 2 ^ 
760 mmHg 


where the minus sign indicates that the work is entering the system. When 
niieftside = nirightside and A p = 15 mmHg, then work done by the right side of the 
heart will be calculated as 


Wrightside =(288,288 g/h) 


( 


1 


f n ) 

( , 3 A 

1 m 

^ IN m J 

1x10 s mL ^ 


v 1.056 g/mL 

m 3 ^ 

= -546 J 


-15 mmHg 


1.01325x10 s N/m 
760 mmHg 


2 T 


Total work done by the heart is 

Wheart tV leftside "t" W righside 546 33 12 3858 J 


MATLAB® code E1.6 calculates the work done by the heart muscles as a func¬ 
tion of beating rate and stroke volume. 


MATLAB CODE El.6 

Command Window 
clear all 
close all 



Work done by the heart (J) 
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% enter the data 

rho=1.056; % density of the blood (g/mL) 

Ppul_ve=6; % mmHg 
Paort=97; % mmHg 
Ppul_art=15; % mmHg 
Pven_cav=0; % mmHg 

z=(50:5:100); % mL of blood per beat 
b= (50:5:100) '; % beats per minute 
v=b*z; % volumetric flow rate of blood 
m=rho*v; % mass flow rate of the blood (g/min) 

% compute the work done 

wRight=m*60*(Pven_cav-Ppul_art)/rho*l.01325*10^5/760/10^6 ; 
wLeft=m*60*(Ppul_ve-Paort)/rho*l.01325*10^5/760/10^6 ; 
wTotal=wRight+wLeft; % total work done by the heart 

% plot the data 
surf(b, z,wTotal); 

xlabel(■Beating Rate (beats/min)') 
ylabel(■Blood Volume/Beat (ml/beat)') 
zlabel('Work Done by the Heart (Joule)') 

title('Work done by the heart at various heartbeat rates') 

When we run the code EXAMPLE Figure 1.6.2 will appear in the 
screen: 



EXAMPLE FIGURE 1.6.2 Variation of the work done by heart with the volume 
of the blood pumped and the beating rate of the heart. 
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Example 1.7: Calculation of the Muscle Work from a Work Loop 

The work loop concept is used in many applications to calculate the muscle work 
(Paphangkorakit et al., 2008). Example Figure 1.7.1 demonstrates how a work loop 
graph is sketched. Usually muscle tension and length are recorded simultaneously. 
In open literature, both in vivo and in vitro measurements for different muscle 
groups can be found. Then these two graphs are combined and force versus length 
graph is sketched. The area of this graph shows the work performed by the muscle. 
Energy for the muscle work is provided by dissociation of ATP to ADP: 

ATP + H 2 0 —» ADP + P; 

This reaction releases about 22.3 kj/mol of energy. ATP is produced in the 
cellular energy metabolism by catabolizing nutrients. 

Example Table 1.7.1 presents the muscle force versus the muscle length data 
measured during pedaling. 

MATLAB code E1.7 calculates the work done in one cycle by using the 
expression W = (^)Fdl: 

MATLAB CODE El.7 

Command Window 

clear all 
close all 

% enter the data 

L =[0.0638 0.0675 0.0750 0.0825 0.0900 0.0975 0.1050 0.1125 0.1163 
0.1125 0.1050 0.0975 0.0900 0.0825 0.0750 0.0675 0.0638]; % 
muscle length (m) 

F= [50 40 20 10 5 3 3 1 0 200 500 510 400 350 200 50 50]; % 
Force (N) 

hold all 
box on 

plot(L,F, 1 r-', 'LineWidth',2.85) 

xlabel( 1 L (m) 1 ) 
ylabel( 1 F (N) 1 ) 

ylim([-200 800]) ; % limit of the range of the y axis 
% calculate the muscle work 
for i=2:length(F) 

deltaW(i) = (F(i) * (L(i)-L(i-l) ) ) ; % incremental work 
end 

w= sum(deltaW) 

When we run the code the following lines and Example Figure 
1.7.2 will appear in the screen: 

w = 

-15.5570 

The work done in one cycle is calculated as W = 15.6 N m or 15.6 J via the 
MATLAB code E1.7. 
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(c) Length 

EXAMPLE FIGURE 1.7.1 Variation of the muscle force (a) and the muscle length 
(b) during the cycle time, (c) Arrows indicate the time course of the loop. The area 
in the loop refers to the muscle work, area below the loop describes the work lost to 
passive and active resistance, and their sum refers to the total work. 
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EXAMPLE TABLE 1.7.1 Muscle Force versus 
Muscle Length Data Obtained during Pedaling 


Muscle Length (m) 

Muscle Force (N) 

0.0638 

50 

0.0675 

40 

0.0750 

20 

0.0825 

10 

0.0900 

5 

0.0975 

3 

0.1050 

3 

0.1125 

1 

0.1163 

0 

0.1125 

200 

0.1050 

500 

0.0975 

510 

0.0900 

400 

0.0825 

350 

0.0750 

200 

0.0675 

50 

0.0638 

50 


Source: Adapted from Neptune, R.R. and Kautz, S.A., 
Exerc. Sport Sci. Rev., 29, 76, 2001. 


g. 


800 
700 
600 
500 
400 
300 
200 
100 
0 

-100 
-200 

0.06 0.07 0.08 0.09 0.1 0.11 0.12 

L (m) 



EXAMPLE FIGURE 1.7.2 Printout of the MATLAB® code describing the work loop. 
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Example 1.8: The Cycling Work 


Neptune and van der Bogert (1998) measured the power output of each mus¬ 
cle instrumentally in a biking experiment. The pedaling power, depicted 
in Example Table 1.8.1, is the average of power output measured at the pedal 
(Example Figure 1.8.1). 

The average muscle work done in one cycle of pedaling may be calculated by 
using the pedaling power data as 


W cycle t cycle 


IVk 

n ^ 


(l.5s/cycle)(l58 J/s/cycle) = 237 J 


where 


1 

n 



214 J/s/cycle is the average power output of the muscles in the cycle 


tcycle = 1-5 s/cycle is the time needed to complete one cycle 


EXAMPLE TABLE 1.8.1 Experimental Data Collected during One Cycle of 
Pedaling 


Crank angle 0 30 60 

(degrees) 

90 120 150 

180 210 

240 

270 

300 

330 

360 

Power output -20 -23 -27 

-33 -26 -23 

-15 7 

23 

30 

23 

-15 

-20 


(w) of the 
iliacus psoas 
(inner hip) 
muscles (J/s) 

Pedaling 10 190 380 520 380 190 40 -70 -100 -120 -100 -40 10 

power (J/s) 

Source: Adapted from Neptune, R.R. and van der Bogert, A.J., /. Biomech., 31, 239,1998. 



270" 


EXAMPLE FIGURE 1.8.1 The angles of measurement. 
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Contribution of the iliacus psoas muscles to the power output is 


WpsoAS — t cycle 



(1.5 s/cycle)(22 J/s/cycle) = 33 J 


Example 1.9: Work for Locomotion 

There are two fundamental mechanisms for the terrestrial locomotion. The first 
mechanism is the pendulum-like model of movement, which applies to human 
walking. The second one is the bouncing model, which applies to human run¬ 
ning and hopping, as well as galloping of the animals. 

Willems et al. (1995) suggested a model to describe the locomotion of human 
body, where the entire body is divided into n segments (Example Figure 1.9.1). 
Accordingly, the total energy of the body is calculated as the sum of the poten¬ 
tial and kinetic energies of each segment: 

e Tot =^e Pti + e kii = ^ m#A,- + ^ m t vf + ^ co- 

i=l i=l ^ 


where 

m t is the mass at the center of mass of the ith segment of the body 
/;, is the height of the center of the mass, above the ground level 



^ Center of gravity 
of the head 

Center of gravity -iSW 

of the arm W 1 

^ Center of gravity 

V — 

t 

^- Center of gravity 

\ 

Center of gravity 
of the foot 

▲ 


Center of gravity 
of the leg 


Center of gravity 
of the foot 


EXAMPLE FIGURE 1.9.1 Schematic drawing of the approximate locations of the 
center of gravity of various body parts with respect to the center of gravity of the 
entire body during running. 
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The terms (l/2)m, v 2 and (l/2)»i;C0 2 refer to the linear and the rotational kinetic 
energies of the center of the mass. The terms in this equation can be evaluated 
either via numerical simulations (with multibody system dynamics software) or 
via experimental measurements. Parameters v, and to, refer to the linear and the 
rotational velocities of the center of the mass, respectively, and k is the radius 
of rotation. During locomotion, the velocity of each body segment v t may be 
expressed as 


V; = V c + V r>; 


where 

v c is the velocity of the center of the mass of the moving body 
v ri is the velocity of the ith body part, with respect to the center of the mass 
of the moving body 


When we substitute h c as the height of the center of mass of the body, we will 
obtain an approximation as (Willems et al., 1995) 

, 1 2 , 

^tot m M i^cg ^ Mitotic earms and legs 


where 


&arms and legs 




— mjVj , + — m.-KjCo; 
2 ’ 2 


Willems et al. (1995) recorded walking and running of several subjects with 
camera and performed image processing to calculate the parameters in the 
energy equations. Their calculations show that when the subjects are walk¬ 
ing at an average speed of 7 km/h, then (l/2) m tot v 2 = 0.4 J/kg-m, m t0 Ji lc g a = 
1.1 J/kg-m, and e arms and legs = 0.65 J/kg-m. When the subjects are running at an 
average speed of 27 km/h, then (H2)m tot v 2 = 0.9 J/kg-m, m tot h lc g a = 0.3 J/kg-m, 
and e armsandlegs = 1.6 J/kg-m. 

Let us define the efficiency of locomotion as the ratio of the kinetic energy to 
the total consumed energy. The purpose of running is to move the entire body in 
forward direction. Vertical motion and movement of the arms and legs accom¬ 
panies the forward locomotion with energy expenditure. Therefore, we may cal¬ 
culate the fraction of the energy expenditure to maintain forward movement as 

1 2 

-m„v c 

r| =--- 

7 1 2 

rtimhcga + — m m v c + 


z 


1 2 1 2 2 

— »j;V, r + — mjKycQj 
2 ’ 2 


We may calculate the efficiency for gaining inertia for locomotion in forward 
direction after substituting the numbers as q = 0.19 while walking and q = 0.32 
while running. 
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Example 1.10: Thermodynamic Limits of the Work Production in Muscles 

Muscles produce work by repositioning the myosin head on the actin filament. 
Example Figure 1.10.1 shows schematically how ATP hydrolysis enables the 
fibers to contract and perform work. One mole of ATP is required to engage 
one myosin head in the muscle contraction. 

Muscle cells produce ATP from the energy metabolism, which involves a series 
of biochemical reactions occurring both in the cytoplasm and mitochondria. 
Details of this will be explained in Chapter 4. Here, for the sake of simplicity, let 
us summarize the energy metabolism with one overall reaction: 

C 6 H 12 0 6 + 60 2 -> 6C0 2 + 6H 2 0 (El.10.1) 

Depending on the preferred metabolic pathway and the physiological condi¬ 
tions, 30-38 mol of ATP may be produced accompanying reaction (El.10.1). 


Actin 


i 

Myosin ' ^ 

head 

m 

\ ATP is attached to the 

myosin head. Myosin 
and actin are not 
connected. 

Mi 

iOl 

sin 





EXAMPLE FIGURE 1.10.1 Muscle work performed via ATP hydrolysis. 
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When we consider a muscle cell catabolizing 1 mol of glucose to perform con¬ 
traction work, the maximum work, which may be done after oxidizing 1 mol 
of glucose in the energy metabolism, would be equal to the Gibbs free energy 
released with reaction (El.10.1): 

W max = Agrxn = A/i„„ - TDs„„ (El.10.2) 

Genq et al. (2013a) calculated the enthalpy and Gibbs free energy of this reaction, 
under physiological conditions as Ah = -4586 kj/mol and A g= —3862 kj/mol of 
glucose. This implies that the maximum work is w max = —3862 kj/mol of glucose. 
Detailed discussion of the thermodynamic limits of the work production by a 
muscle cell is provided by Sorgiiven et al. (2015). 


Example 1.11: Electric Shock Production by Eel 

One of the unique energy conversion systems is the electric shock production 
by an eel (Electrophorus electricus). Electric eels inhabiting in the Amazons have 
long cylindrical body reaching up to 2.5 m in length and 20 kg in weight. Their 
electric power-producing cells, for example, the electrocytes, are located in the 
columns parallel to their spinal cords (Example Figure 1.11.1). Detailed informa¬ 
tion regarding the electrocyte physiology (Markham, 2013) and neural mecha¬ 
nisms (Zakon, 2003; Rose, 2004) of electric fish are available in the literature. 

Eels produce and transmit electricity with the sodium-potassium pumps, 
like the ones found in all animal nerve cells. We will solve this example by refer¬ 
ring to this similarity. In the brain, as the action potential travels down an axon, 
polarity changes across its membrane. The impulse travels in the axon toward 
its terminal, where the signal is transmitted to the other neurons (Example 
Figure 1.11.2). 



EXAMPLE FIGURE 1.11.1 A simple anatomical sketch of the electric organs of eel. 
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EXAMPLE FIGURE 1.11.2 Propagation of the potential change along an axon 
during the action: 1 beginning of the action, 2 and 3 are the forthcoming stages. 


At the beginning of an action, the Na + channels are opened to let the Na + 
move into the axon, and then the K + channels are opened to move K + out of 
the axon to change the polarity between the outside and the inside of the cell. 
Example Figure 1.11.3 describes a case with +60 mV peak potential. The contin¬ 
ued leave of the K + ions from the cell causes hyperpolarization; at this stage, the 


Resting electrocyte 



+ 


Posterior + 

innervated + 

surface (-90 mV) 


+ 

+ 

Non-innervated 
+ surface (-90 mV) 
+ 

+ 


Excitation via 
motor neuron 


The posterior - 

+ - 

+ Non-innervated 

surface creates 

+ - 

. surface do not 

an action 


change the 

potential (+60 mV) 


+ potential (-90 mV) 

- 

+ - 

+ 

- 

+ - 

+ 


EXAMPLE FIGURE 1.11.3 Schematic diagram of the development of the action 
potential: the potential difference at the outer surfaces of the electrocyte before the 
excitation is -90 mV. The posterior surface creates an action potential of +60 mV 
upon excitation, and then the potential difference between two surfaces becomes + 
60 mV - (-90 mV) = 150 mV = 0.15 V. 
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K + channels are closed and Na + starts entering into the cell through leak channels 
to restitute the resting potential. In all of these processes, all-or-none law is valid, 
for example, either action potential is seen because the voltage threshold is passed 
over or it is not seen because the voltage threshold is not passed over. 

The following reactions occur in each cycle of the action (Tinoco et al., 2013): 

3NaJ, —> 3NaJ ut with Dg R =13.56 kj/mol 

2K: ut -> 2Ki with Dg R = 0.97 kj/mol 

ATP + H,0 —> ADP + ^ with Dg R = -49.1 kj/mol 

The total Gibbs free energy change of these reactions is 

Dg R , total =3(13.56)+ 2 (0.97)+ (-49.1) = -6.5 kj/mol 

For the production of an electric shock of600 J/s (potential) = 600 V, current = 1 A, 
duration = 2 ms, power (600 J/s) (2 x 10 -3 s) = 1.2 J) by the electric eel, we need 
(1.2 J)/(6.5 kj/mol) = 1.85 x 10 -4 mol of ATP. Since 6.02 x 10 23 molecules or ions 
make 1 mol, we need (6.02 x 10 23 molecules/mol) (1.85 x 10 -4 mol) = 1.1 x 10 20 
molecules of ATP dissociated and 3(1.1 x 10 20 mol) = 3.3 x 10 20 ions of Na and 
2(1.1 x 10 20 mol) = 2.2 x 10 20 ions of K transported to support this current. Note 
that we assumed a thermodynamic efficiency of 100%. A major fraction of the 
electric power is lost to water as heat; therefore, the real cost of the process is 
substantially higher. 


1.6 Irreversibility 

The basic tendency of all the matter in the universe is achieving a lower energy level and 
a maximum disorder. If there is a lower energy configuration available, matter tries to 
achieve it. For example, wood is made of cellulose, which has high-energy bonds. Under 
certain environmental conditions, fires may start spontaneously in search of a lower 
energy level; heat released when the wood is burned is indeed the difference of the bond 
energies of the final products and those of the reactants. 

The second law of thermodynamics is formulated as a result of observations regarding 
irreversibility of processes, such as cooling of a cup of hot coffee when left in a room at 
a lower temperature and atmospheric pressure. The coffee cools down, until a thermal 
equilibrium between the air and the coffee is achieved. Coffee cannot get spontaneously 
hot again by cooling the surrounding air. We need to heat the coffee to bring it back to 
its original temperature. 

In Figure 1.7, we have a rock at rest at elevation h, at time t = 0. When we disturb it to 
fall down, its potential energy is converted into kinetic energy between 0<t<t f , where t f 
is the time when the rock hits the ground. When the rock is about to touch the ground, 
for example, t « A, it will have only one form of energy, that is, the kinetic energy. And 
finally as it hits the ground, for example, t > f,, all of its kinetic energy will be converted 
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FIGURE 1.7 Schematic description of the conversion of the potential energy of a rock as it falls 
down the cliff. Numbers 1-4 refer to the progress of falling, t = 0 is the beginning and t=tps the end. 

into heat and acoustic energy. We know from experience that this is an irreversible pro¬ 
cess that may occur only in this direction. It is not possible to elevate the rock back to 
its original position by making noise or heating the rock. It is not possible to convert 
internal energy into potential energy spontaneously. 

There are many other examples such as combustion of fuels, free expansion of gases, 
and diffusion of fluids where a process prefers to proceed in one direction only. The 
observations show that heat transfer, free expansion of fluid, chemical reactions, mix¬ 
ing, and friction are among the major reasons of irreversibility These observations 
cannot be explained with the first law. According to the first law, there are different 
types of energy and these can be converted to each other, provided that total energy 
is conserved. In other words, first law would be satisfied if a rock could gain potential 
energy by absorbing internal energy of the surroundings. All the actual processes are 
irreversible. To make things simple, to be able to model, we define reversibility so we 
may attempt to solve the sophisticated problems by following a relatively simple path. 

In a cylinder where work is done by moving the piston against a force, if all the mol¬ 
ecules should change their thermodynamic properties at the same rate, and the thermo¬ 
dynamic properties would be uniform inside the cylinder, at any given instant, then there 
would be no relative motion between the molecules and no energy would be needed to 
overcome turbulence. Additionally if there is no friction between the piston and the cyl¬ 
inder, all the initial energy of the fluid would be used to increase the occupied space, that 
is, to expand. Maximum work can be produced from a reversible expansion (Figure 1.8). 
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Friction 


Reversible expansion 




Frictionless motion 


FIGURE 1.8 Schematic description of irreversible and reversible expansion. 

Analogous to the expansion process, a compression process would require the mini¬ 
mum work if it occurs reversibly, that is, without turbulence and friction. 

Hydraulic turbines use the potential energy difference to produce work (Figure 1.9). 
Water flowing down from a height h can be used to operate a hydraulic turbine. 
Irreversibilities like turbulence, friction, and noise generation occur in the flow upstream 
and downstream the turbine. 

Part of the potential energy of water at the height h will be transformed into these 
dissipative forms of energy. This part of the energy is not useful to produce work. As h 
increases, the initial potential energy increases, but flow becomes more instable and the 
part of the energy in dissipative forms increases as well. As h decreases, flow becomes 
more ordered. If the height difference is small, then fluid molecules move together and 
a lesser percent of the initial potential energy is transformed into dissipative scales. In 
the limit as h approaches to zero, energy transformed to dissipative forms diminishes. 
Then the ideal hydraulic turbine would let the fluid fall in infinitesimally small height 
increments ( dh ,) and convert all the potential energy into work: 

lim de^i ss jp a ti ve f orm5 0 

dw = p g a dh, 

The driving force for the potential energy is the height difference, and if the driving force 
approaches zero, then irreversibilities become zero too. Analogous to that, the driving 
force for heat transfer is the temperature difference, and if the driving force (i.e., the 
temperature difference) approaches zero, then irreversibilities become zero too. 

With the pioneering work of Carnot and the formulation of the second law of thermo¬ 
dynamics, a measure for the irreversibilities is defined as the entropy generation. 
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Potential energy 




FIGURE 1.9 Schematic description of conversion of potential energy into work by a hydraulic 
turbine in the presence of friction and noise generation. 


1.7 Entropy 

Entropy is a thermodynamic property that provides a measure for the randomness. 
In statistical mechanics, entropy (which is a macroscopic thermodynamic property) is 
defined based on microdynamics. Consider a system that involves N particles. The exact 
position and momentum of each particle define its microstate (Figure 1.10). 

At a given moment, the macroscopic state (T, p, u, ...) of the system is defined by the 
microscopic states of the particles. If the probability of having particles in the rth micro¬ 
state is p fi then the entropy of the system is 


s 



pi In pi 


This equation is known as the Boltzmann equation, and k B = 1.38 x 10 -23 J/K is the 
Boltzmann constant. In statistical mechanics, a specific microscopic configuration 
of a system may occur with a certain probability in the course of its thermal fluctua¬ 
tions. Note that molecular fluctuations affect the intensity of the random motion of 
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FIGURE 1.10 Schematic description of the microstates. 


the particles. The number of positions that the particles can occupy increases with the 
molecular velocity. 

As temperature decreases, fluctuations diminish. If a gas is cooled down, then its 
entropy decreases. The decrease of the entropy continues with condensation and solidi¬ 
fication. In the limit, as the absolute zero temperature is reached, all substances would 
form a crystalline structure and their molecular velocity would be zero. Consequently, 
each atomic particle would occupy one certain position, which would not change with 
respect to time. Thenp becomes 1 and entropy becomes s = 0 at 0 K. 

The Boltzmann equation shows clearly that entropy is a thermodynamic property, 
just like enthalpy or internal energy. In other words, if we can determine the thermo¬ 
dynamic state of a system, then we can calculate its entropy. In the following, a few 
examples from our everyday experiences, engineering applications, and biological 
phenomena are given to demonstrate the use of entropy. 

Consider two cups of water, one at 80°C and the other at 10°C. Molecules of the water 
at 80°C will have a higher molecular velocity than liquid water molecules at 10°C. So, the 
number of possibilities for an atomic particle to occupy a certain space with a certain 
momentum is larger for the water at 80°C. Thus, it has a higher entropy. 

Figure 1.11 shows several stages of the development of a chicken embryo. At day 0, the 
egg contains mainly disorganized organic material. A few hours after fertilization, cell 



Day 0 Day 2 Day 13 


FIGURE 1.11 Schematic description of the stages of the development of a chicken embryo. 
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division begins. Molecules are organized to form a vascular system and the heart. At day 2, 
heart begins to beat. Degree of organization increases as days pass by. The entropy of the 
egg decreases as the embryo grows. Entropy at day 13 is lower than the entropy at day 2, 
which is even lower than the egg’s initial entropy. 

Another example can be given from mechanical engineering. Turbines are fluid 
machineries that make use of the energy of the fluid particles to generate mechanical 
work. Consider a turbine that is fed with steam at a certain temperature T in and pressure 
P in . Since entropy is a property of the macroscopic state, the entropy of the steam at T in 
and P in can be determined. Similarly, at the outlet of the turbine, the steam possesses a 
unique thermodynamic state T out , p out , and s out . 

Even though entropy is a thermodynamic property, entropy generation is not. 
Entropy generation depends on the path that the process follows, just like heat or work. 
As systems undergo processes, irreversible phenomena like friction or noise generation 
may occur. These irreversibilities generate randomness, that is, entropy. To exemplify 
the entropy generation, let us consider the steam that enters the turbine (Figure 1.12). 
The randomness of the microstates of the particles that make up the steam at the tur¬ 
bine inlet is measured as s jn {T in , p in ). As the inflowing steam passes through the turbine 
blades, it transfers part of its energy to the turbine blades and performs work. In an ideal 
turbine, the steam would follow the blades without any flow separation, turbulence, vis¬ 
cous dissipation, or friction. The microstates of the particles would not be affected by 
the flow and the entropy of the steam would remain constant. In an actual turbine, all of 
the aforementioned irreversible phenomena may occur: fluid particles adjacent to solid 
walls are decelerated, secondary flows appear, vortices are formed, etc. Part of the fluids 
energy shifts into a dissipative form. Particles are mixed and their microstates achieve 
a new equilibrium. Thus, the outflowing steam possesses a higher entropy. Entropy is 
generated inside the turbine. The amount of the entropy generation increases with the 
extent of the irreversibilities. 




FIGURE 1.12 Schematic description of the entropy in an actual turbine. 
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The misuse of the terms entropy generation and entropy change is a common mis¬ 
take. Entropy generation refers to the extent of the irreversibilities (losses) in a process. 
For actual processes, it is always positive. For an ideal system that undergoes a totally 
reversible process, entropy generation is zero. However, entropy generation can never be 
negative. Entropy change, on the other hand, refers to the difference between the final 
and initial entropies of a system. Entropy of a system may 

• Remain constant (if the system undergoes a steady-state process) 

• Increase (if the system gets disordered ) 

• Decrease (if the system achieves a higher ordered state) 

For example, if we leave a cup of water at a temperature of 80°C in a room, where the 
ambient temperature is 20°C, the water will cool down until it reaches a thermal equilib¬ 
rium with the ambient air. This is an irreversible process; thus, it must generate entropy 
{s ge „ > 0). At the same time, the water inside the cup reaches a more organized state, 
so that its entropy is decreased (s final - s initial < 0). 


1.8 Second Law of Thermodynamics 


The second law of thermodynamics is formulated to differentiate between the useful and 
dissipative forms of energy. Schematic description of the entropy flow in an open system 
is described in Figure 1.13. Every real heat transfer increases the entropy (disorder) of the 
universe. In most energy transformations, ordered forms of energy are converted at least 
in part to heat. This explains why energy is conserved (as heat is a form of energy), yet 
heat transfer increases randomness. An organism takes matter and energy from its sur¬ 
roundings and converts them into less ordered forms. Animals obtain starch, proteins, 
and complex molecules from food (stored chemical energy), catabolic processes break 
them down and release as simpler molecules (C0 2 and H 2 0) with less chemical energy, 
and the remainder of the energy is released as heat. Since disorder of the structure of 
the matter increases with temperature, we may say that the matter should have the most 
orderly structure at absolute zero, for example, 0 K. 

The second law of thermodynamics describes how entropy in a system changes. 
Entropy of a system can change with respect to time either due to a net entropy transfer 
or an entropy generation within the system boundaries. Observations show that entropy 


Entropy transfer due 


Entropy of the 
inflowing substance 


to heat influx 



FIGURE 1.13 Schematic description of the entropy flow in an open system. 
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can be transferred either with the transferred mass or with heat. The mathematical for¬ 
mulation of the second law is 


dS, 


system _ 

dt 


y>)„ -^(msL + ^ ^ + S 


T bti 


where T h is the temperature at the boundary. 


Example 1.12: Embryonic Development of a Turkey 

A series of biochemical reactions occur as a chicken embryo is developing 
inside an egg. These chemical reactions cause the egg to consume oxygen and 
to lose water, as well as to release metabolic heat. Dietz (1995) reports that the 
metabolic heat released by an 88 g turkey egg is 174 mW. The incubator tem¬ 
perature is constant at 37.5°C and the temperature inside the egg is 0.9°C larger 
than the incubator temperature (French, 1997). Determine the entropy transfer 
due to heat transfer. 

The entropy transferred with heat can be written as 'Li&Q i IT ii ) = bQIT i , 
since in this case there is only one thermal reservoir (i.e., the incubator) that 
is in contact with the system. Here, the system boundary is chosen a few mil¬ 
limeters far from the egg surface, so that on the system boundary temperature 
is equal to the incubator temperature (Example Figure 1.12.1). 

The heat released per gram of egg is 


5Q_ -174 mW/88 g 
T b ~ (273.15 + 37.5)K 


-6.36 pW/g K 


Immediate 
surroundings of the 
egg, where 


Peggshell^ T> P’ 


X 

incubator f 

/ 

/ 

I 

I 

I 



EXAMPLE FIGURE 1.12.1 Schematic description of the embryonic development 
of turkey. 
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Remark 1: If the system boundary would be drawn exactly on the egg shell, then 
the boundary temperature would be higher than the incubator temperature. 
The entropy that passes through the egg shell is 8 QIT egs sheU < 8QIT b . This means 
that a lower amount of entropy is transferred out of the egg shell, and then the 
amount of the heat transferred out of the system boundary. This shows that 
the heat transfer through a finite temperature difference (T eggshell —T b ) causes an 
entropy generation of 


_ 5Q 5Q 

$ gen in the immediate surroundings of the egg 

1 b J- egg shell 


Remark 2: This system can be regarded as a closed system, if the entropy of the 0 2 
entering in and H 2 0 leaving are neglected. Then the entropy equation is 


dS : 


1 system _5Q • 

dt T h e ‘ 


If all the processes occur reversibly, then the total entropy within the egg has to 
decrease at a rate of 


dSsystem 5Q 

dt T b 


-6.36 pW/g K 


Irreversibilities that may occur would cause a positive entropy generation 
(s > 0). Then for any actual egg, the rate of entropy decrease is 

dSsystem 

system > _g 3 g p W /g K 

dt 


We may speculate further that a healthier egg (in which biochemical processes 
occur nearly reversibly) would have a larger entropy decrease. Another conclu¬ 
sion that can be drawn is that if we could measure the entropy decrease rate in a 
living organism, then we could quantify the organism’s health level. 


Example 1.13: Estimation of the Entropy of Helium with the 
Boltzmann Equation 

Under standard temperature and pressure (25°C and 1 atm), 1 mol ( N A = 6.02 x 10 23 ) 
of ideal gas occupies 22.4 L of volume, where N A is the Avogadro number. Each 
atom may be assumed to occupy 0.05 nmx 0.05 nmx 0.05 nmofvolume (0.05 nm 
is the Bohr radius of an atom). Then the total number of the microstates avail¬ 
able for helium to occupy will be A = (22.4xl0 _3 m 3 )/(5xl0 _11 m) 3 = 1.8xl0 29 , 
N a = 6.02 x 10 23 atoms may arrange themselves in A = 1.8 x 10 29 microstates 
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in (A/N a )” a different ways. Then the entropy of 1 mol of helium under the 
standard temperature and pressure may be calculated with the Boltzmann 
equation as 


s = k B In 



= k B N A In 



= (l.38xl0“ 23 J/K)(6.02xl0 23 



1.8 xlO 29 'j 

6.02xlO 23 J 


= 104.7 J/K 


If we should double the volume of the gas by keeping the number of moles of the 
gas and temperature the same, we will have A = (2x22.4xlO -3 m 3 )/(5xl0 -11 m) 3 
= 3.6 x 10 29 ; then the entropy of 1 mol of helium will be 

5 = k B N A In j = (1.38x !0- 23 J/K)(6.02 x 10 23 )ln|^ j = 110.5 J/K 


There is a general tendency in the nature that the matter always seeks ways to 
increase their entropy; as we see in this example, entropy of 1 mol of helium 
increased from 104.7 to 110.5 J/K; therefore, it fills all the available volume. 


1.9 Exergy 

After the 1973 Arab-Israeli War, the notion of energy has changed, and the energy 
sources were started to be regarded as valuable commodities, and research for their 
conservation has started. Energy intensity index is a measure of the energy utilized to 
produce a unit mass of a commodity. Figure 1.14 shows how energy intensity indices in 
the chemical and the paper and pulp industries have changed in Japan, for example, an 
industrial country with very limited energy sources, between the years of 1993 and 2002. 
This figure shows that the energy intensity indices attained their minimum values in the 
early 1990s and then kept on fluctuating. 

The first law of thermodynamics states that energy is conserved; that is energy can neither 
be created nor destroyed. But energy can be transferred from one system to another via heat, 
work of mass transfer. First law does not differentiate between the different modes of energy 
transfer. The second law of thermodynamics makes this differentiation by defining entropy, 
which is a measure for randomness and increases due to losses involved in the processes. It 
provides insight on the irreversibilities and helps to quantify the energy losses and proposes 
measures for minimization of the loss. Exergy is a combination of these two laws of thermo¬ 
dynamics. The exergy balance equation can be derived by multiplying the entropy balance 
equation with T 0 and subtracting it from the energy balance equation. 

The total energy of a system is not always available for performing work. For exam¬ 
ple, when a chemical reaction occurs at a constant temperature T, the enthalpy change 
caused by the reaction, Ah, would be accompanied with an increase in the random¬ 
ness in the structure of the matter, as expressed by the term entropy, As. Under these 
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FIGURE 1.14 Variation of the energy intensity index in the chemical and pulp and paper indus¬ 
tries in Japan between the years of 1973 and 2002. The energy intensity index had the value of 100 
in the base year 1973; it is based on the sum of production weight-averaged by share of indus¬ 
trial production items revised by the change of the monetary value. (Data adapted from EDCM 
Handbook of Energy and Economic Statistics in Japan, the Energy Conservation Center, Tokyo, 
Japan 2004; Nuibe, T., Energy Intensity in Industrial Sub Sectors, the Energy Conservation Center, 
Tokyo, Japan, 2007, http://www.asiaeec-col.eccj.or.jp/eas/01/pdf/02.pdf.) 

circumstances, TAs would be the amount of the energy utilized by the atoms or the 
molecules of the matter to vibrate, rotate, or travel around. Energy, which remains after 
deducting the amount consumed to increase the internal randomness, is called the 
Gibbs free energy, which may be used to do work: 

Ag=Ah- TAs 

Exergy (also called availability) is defined as the useful work potential. Exergy of a 
system is the maximum work that this system can produce if it is brought to thermal, 
mechanical, and chemical equilibrium with its environment via reversible processes 
(Figure 1.15). In other words, exergy is the maximum work that can be extracted from a 
system without violating the laws of thermodynamics. The exergy of a system that is in 
equilibrium with its environment is zero. The state of the environment is defined as the 
dead state. Thermomechanical equilibrium is reached at the restricted dead state. The 
thermomechanical exergy ex th , of a pure substance is defined as 


ex th =(h-ht,)-T 0 (s-s 0 ) 


The total exergy of a mixture would be smaller than the sum of the exergies of the species 
that make up the mixture, because mixing is an irreversible process. The work potential 
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Dead state T 0 , P 0 



Exergy 


FIGURE 1.15 Exergy of a system is the maximum work that this system can produce if it is 
brought to thermal, mechanical, and chemical equilibrium with its surroundings via reversible 
processes. The dead state is at T 0 and p 0 , and c 0 _j, c 0 _ 2 ... c 0 _„ are in equilibrium with the surround¬ 
ings. Exergy is also defined as the minimum work, required to produce a matter at T h „ p in with com¬ 
position c 2 _,„ ... c„_i„ after starting with the matter at T„, p 0 with composition c 0 _!, c 0 _ 2 ... c 0 _ r . 


lost due to mixing decreases the absolute value of the exergy of a mixture. The specific 
exergy of a mixture of n-species is 


n 

ex thmixture =(h-h 0 )~ T 0 (s-s 0 )-^(p, - p 0 ,;)*; 

i-l 


where 

p is the chemical potential 

x is the concentration 

In mechanical engineering literature, the last term is sometimes referred to as the 
chemical exergy. In this book, we will regard this term as a part of the thermomechani¬ 
cal exergy, since mixing is a physical process and does not change the intramolecular 
structure of the species. We define the chemical exergy in relation with the chemical 
reactions. Chemical equilibrium is achieved at the true dead state, when all the compo¬ 
nents in the system are oxidized or reduced in a reversible way, so that the only compo¬ 
nents that remain in the system are the components in the environment. The chemical 
exergy of a substance, which has a molecular structure made up from a number of 
k elements, is defined as 


k 

ex chem =Ag° f +y\ex ; 

i-l 


where 

Agf is the standard Gibbs free energy of formation 
ex i is the chemical exergy of the rth element 
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The total exergy of a substance is the sum of its thermomechanical and chemical exergies: 


eX eXfh eXchetn 


Environment is defined based on the surroundings of the system. For example, in ther¬ 
modynamic analyses concerning combustion in aircraft engines, environment is taken 
as the atmospheric air. Accordingly, the restricted dead state is chosen as T a = 298.15 K 
and p 0 = 1 atm, and the true dead state is defined with the composition of the atmo¬ 
spheric air as 20.35% 0 2 , 0.03% C0 2 , 75.67% N 2 , and 3.03% H 2 0. Similarly, for processes 
occurring in the Earth’s crust, temperature, pressure, and the composition of the solid 
components in the external layer of the Earth’s crust define the true dead state. For the 
thermodynamic analyses of systems in the sea, seawater is defined as the environment. 
If a thermodynamic analysis is performed for a cell, then a convenient choice for the 
environment is extracellular fluid. Then the true dead state would be defined with T 0 = 
330.15 Kw ,p 0 = 1 atm, and c i0 = c hextracellularflmd . 

The specific exergy of an ideal gas mixture is defined as (Uche et al., 2013) 


ex-c 


p 


T - T 0 - T 0 In 



K 


n,ex e -RT ( 


n 

0 y Xi In 
i =1 


X 0 ,i 


Uv 2 -Vo) + g[h,-h lo ] 


Each term in this expression refers to the work performance via the following driving 
forces: 


( T 'll 

T -T 0 — To In I — I : Thermal exergy, work capacity of the system when it goes 

from temperature T to temperature of the dead state T 0 
A gf +/ n e ex e : Chemical exergy, work capacity of the system when its present 

chemical structure is reduced to the chemical structure of the true dead state 


—— : Concentration exergy, work capacity of the system when it goes 

*o,i ) 

from its current chemical composition to the chemical composition of the true 
dead state 

-(v 2 - Vo): Kinetic energy exergy, work capacity of the system when it goes from its 
present velocity v to the dead state velocity v 0 
g[hi—h l 0 \: Potential energy exergy, work capacity of the system when it goes from its 
present elevation level h, to the dead state elevation level hj 0 



In the last few decades, numerous studies are published on exergy analysis (Ayres, 
1998, 1999; Caton, 2000; Rakopolous et al., 2006; Talens et al., 2007). Especially in the 
assessment of renewable energy sources, where we need to weigh various processes and 
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fuels with respect to their ability to produce useful work and to identify their impact 
on environment, exergy analysis provides a fair tool for comparison. Figure 1.15 implies 
that with the available technology no further saving could be made in energy utilization, 
after attaining the minimum energy intensity, but exergy analysis may actually show the 
stages in a production process where considerable amounts of exergy are destroyed, and 
then new technology may be developed to improve the exergy efficiency of those stages, 
to reduce the energy intensity further by employing the newer technology. 

The exergetic efficiency r\ e of a real process is defined as 

_ Total exergy of the products 
Total exergy of the inputs 

Exergetic efficiency of ammonia and urea production and raw materials for nitrogenous 
chemical fertilizers is reported to be about 44% (Hinderink, 1996). Exergetic efficiency 
of nitric acid is 4%, implying that 25 times of the exergy of nitric acid in the form of those 
of the raw materials, fuels, electricity, etc., is consumed while producing it (Hinderink 
et al., 1996). Exergetic efficiency of the biological and the industrial bioprocesses is dis¬ 
cussed in the forthcoming chapters. 

Energy and exergy are always expressed with respect to a reference level. The specific 
(implying per unit mass of the object) potential energy is calculated as e„ = gh; the ref¬ 
erence level of this equation is the location where h = 0. The specific kinetic energy is 
calculated as e k = (l/2)v 2 ; the reference level of this equation is the state where v = 0. The 
specific internal energy and enthalpy are always expressed with respect to a reference 

temperature T ref , for example, u(T) = c v dT and h(T)= c p dT. The reference letter 

JlV J T ,cf 

is referred to as the dead state in the exergy calculations. Szargut et al. (2005) provide 
comprehensive discussion about how the calculated values of the chemical exergies dif¬ 
fer as the reference state changes. 

1.10 Governing Equations of Mass, 

Energy, Entropy, and Exergy 

Mass balance and the laws of thermodynamics (Table 1.2) are the mathematical relations 
that need to be satisfied to make activities of the organisms feasible. The eighteenth- 
century chemists, for example, Lavoisier (1743-1794), found out that while matter could 
be transferred from one form to another, it could be neither created nor destroyed. They 
always ended up with the same amount of material as in the beginning. This experimen¬ 
tal observation gave rise to the concept of the law of conservation of mass, concisely the 
mass balance (Whitwell and Toner, 1969). The expression of the mass balance equation 
establishes basis for numerous feeding and dieting schemes. In the integral biological 
systems like the circulatory system, which involve many organs, they are expected to 
assure steady state to avoid health problems. Any disturbance in one of the terms of 
either mass, energy, entropy, or exergy balances would disturb the others due to their 
interrelation. Ventura-Clapier et al. (2003), Damman et al. (2007), and Ormerod et al. 
(2008) reviewed the entire literature to establish relations between the terms of the 
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TABLE 1.2 Governing Equations of Mass, Energy, Entropy, and Exergy 




drri' V 


dt 


d\ m (u + e p +ek ) 

^[m(/t + e J , + et )] n -2[m(/ I + e? + et )] rat + ^Q i -W =- 




X[ ms L‘X[ ms L + X 


Q, _ d [ m S U,„ 
T W * 


+ Z T 


To 


d[m exl 

!,-W-£«^ r = 

dt 


Exergy 

input 


Exergy 

destroyed 


Maximum exergy output 
in a reversible process 

i 


Exergy output in 
a real process 



FIGURE 1.16 In a real process a fraction of the exergy input is destroyed due to the irreversibilities. 


equations of the laws of thermodynamics. The laws of thermodynamics are indeed a 
sound basis for the systematic analysis and may be used to improve our understanding 
of the biological systems and consequently the longevity of the steady stage, for example, 
the healthy period in the life span (Figure 1.16). 

The first step of a thermodynamic analysis is choosing the system boundar¬ 
ies as shown in Examples 1.14 through 1.18, which is followed by performing mass, 
energy, entropy, or exergy balances (Sorgiiven and Ozilgen, 2010, 2011, 2012). 
The system is referred to as the closed system when no mass crosses through the 
system boundary , for example, m ipn = 2^ rhj tOU , = 0 in the mass balance equa¬ 
tion; 'Lithj'iniuj + e p +e k + pv) = 'Zjrhj t0Ut (iij+e p + e k +pv) = 0 in the energy bal¬ 
ance equation; Z, tn ijn s im = Z, thj t0Ut s p0U , = 0 in the entropy balance equation; and 


m k ex k 


= nijCKj ) = 0 in the exergy balance equation. A closed system 


is referred to as an isolated system if it is impermeable to heat and work transfer in addi¬ 
tion to being impermeable to mass transfer, which leads to assigning W = Q = dQldt = 0 
in the energy, entropy, and exergy balance equations. 
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Example 1.14: Work Done in the Ear during the Process of Hearing 

Sound travels through the air as vibrations of air pressure. The outer part of 
the ear catches and directs these vibrations into the ear canal. Generally, the 
sound waves generate extremely small force changes on the eardrum, but even 
the minimal forces make it to move a good distance. The vibrations are ampli¬ 
fied by a group of tiny bones, malleus, incus, and stapes, in the middle ear and 
translated into electrical signals and transmitted to the brain in the forthcom¬ 
ing sections of the ear. 

The system (Example Figure 1.14.1) consists of eardrum, 3 bones (malleus, 
incus, and stapes) found in the middle ear, and oval window (separates middle 
ear from inner ear). The sound wave is creating pressure P in in the eardrum. 
The vibrations travel along after hitting the eardrum, transmitted to the bones, 
and reach the oval window where it is converted into the waves again as P out . 
The sound is transmitted with a series of cluster and rebound processes, and air 
particles do not change their positions. The sound makes the molecules consti¬ 
tuting the air move and collide with each other and form cluster (compression). 
After that, they rebound from each other, like ball hitting and coming back. 

Example Figure 1.14.2 represents a simplified sketch of the system to clearly 
identify the energy transfer modes involved in the process of hearing: 



As air particles do not move through the system boundaries, m in = m out = 0; 
hence, 


final — Wlininal 


Nerves transmitting 
signal to the brain 



I 


Oval window 



System 

boundaries 


EXAMPLE FIGURE 1.14.1 The system and its boundaries. 
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EXAMPLE FIGURE 1.14.2 The simplified sketch of the system and its boundaries. 


For this steady system, there is no energy transfer via mass transfer and there is 
no accumulation. Thus, the energy balance is 


—w,„ + w out +4 = 0 


Sound is sensed as vibrations of the eardrum, which are transmitted via 
mechanical processes through the oval window. Acoustic pressure waves trans¬ 
fer work by vibrating the eardrum (w,„). Some of this work is dissipated due to 
friction (q) and the rest is transferred out of the system boundaries through 
the oval window (w out ). Work related to acoustic pressure fluctuations can be 
written as 


w = F 


dx 

dt 



pAc 


where 

p is the acoustic pressure 

A is the area 

c is the speed of the sound wave 

In this case, let us assume that the acoustic signal reaching the ear has an acous¬ 
tic pressure oip in = 1 Pa. This acoustic pressure corresponds to the threshold of 
human hearing, which is roughly the sound of a mosquito flying 3 m away. Let 
us estimate the geometrical dimensions of the ear based on an adult man as 
A eardum = 5 -° x 1°' 5 m2 (the area of an average human eardrum) and A ovalwtniow = 
2.0 x 10 -6 m 2 (the area of an average human oval window is 25 times smaller 
than that of the eardrum) and the acoustic pressure at the oval window as p out = 
1.3 Pa. The speed of sound in air at 20°C is approximately c sound i „ = 343 m/s. The 
outgoing acoustic signal travels in the ear fluid, which can be approximated as 
water with c sound out = 1482 m/s (velocity of the sound waves in water at 37°C): 

w in = 1 Pa • 5.0 ■ 10" 5 m 2 • 343 m/s = 1.7 • 10" 2 J/s 


Wout = 1.3 Pa • 2.0 ■ 10" 6 m 2 • 1482 m/s = 3.8 ■ 10" 3 J/s 
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This result implies that (3.8 x 10 -3 )/(1.7 x 10 -2 ) (100) = 78% of the energy of the 
incoming sound in the air is utilized in the mechanical process of amplifying 
of the pressure of the sound. A fraction of this energy is carried away from the 
ear with the sound reflected from the eardrum, and another fraction is lost with 
friction of the malleus, incus, and stapes. 


Example 1.15: Car Running with Energy Harvested from Rain 

It is proposed to build a car running with energy harvested from rain. To assess 
the proposal, 

(a) Draw a picture of a raindrop, choose appropriate system boundaries, 
and apply the first law of thermodynamics to calculate the velocity of the 
droplet when it hits the car. The schematic drawing of the raindrop and 
the system boundaries is described in Example Figure 1.15.1. 

Water balance equation around the raindrop is 

Wlwater,in ^77 water,out Wlwater,acc 

We will analyze each term of the general conservation equation 
individually: 

m water,i„ = 0 ( n ° water enters in through the system boundaries) 
m water out = 0 ( no water leaves out through the system boundaries, rain¬ 
drop does not evaporate, vapor do not go out through the system 
boundaries) 

yyi =0 

water, acc w 


Energy balance around the drop (system: raindrop) 
We will use the first law of thermodynamics as 



Direction of 
the rainfall 


EXAMPLE FIGURE 1.15.1 System boundaries of the falling droplet. 




Energy, Entropy, and Thermodynamics 


51 


where m refers to the mass rate of change of the droplet. We will analyze 
each term individually to simplify the equation: 

[m(« + e p + e k + pv )]. = 0(no water enters into the system to bring in additional 

internal, potential, or kinetic energy, or pv work) 

[fiz(w + e p + e k + pv) ] f = 0 (no water leaves the system to take out internal, 
potential, or kinetic energy, or pv work) 

Q = 0 (there is no heat transfer to the system, heating by sun, etc., is neglected) 

W = 0 (system is not doing any work, effect of friction of air, etc., are neglected) 


After substituting numerical values of [m(u + e p +e k +pv)] im [m(u + e p + 
e k + pvQ, and W in the first law of thermodynamics, we will end up 
with dldt [/«(;< + e p + )^j =0, which maybe rewritten as 


d_ 

dt 


[m (u 


+e p + 


e*)] 


[m (u + e p + e k )] fiimi -\m (u + e p + e k )] o 

t final t 0 


or 

[m (u+e p +e k \ ml -[rn (u+e p + e k = 0 


Since m final = m inilal , u final = u lnttal , and e pfinal = e kMtial = 0, we may deter¬ 
mine the final value of the kinetic energy of the drop as e k j na i = e pinitial , 
or l/2v^„ al = g a h douds , where g is the gravitational acceleration and h clouds 
is the initial height of the raindrop from the ground level. Then we may 
calculate the velocity of the raindrop when it hits the ground as 

V final kj^gahclouds 

(b) We will choose the impeller as the system (Example Figure 1.15.2), apply 
the first law of thermodynamics, and then obtain a relation between the 
rainfall rate, the height of the clouds, and the work done by the impeller: 


[m(ii + e p +e k + pv)~\ in -\_m(u + e p + e k + pvj] out +Q- W =—[m {u + e p +e t )] a 


We may assume that the steady state is prevailing and neglect any heat 
losses in the impeller. Then the work produced by the impeller has to be 
equal to the energy difference between the inlet and the outlet: 

W = \jh(u + e p +e k + pv)] m -\_m(u+e p +e k +pv)] 
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EXAMPLE FIGURE 1.15.2 System boundaries around the impeller, where the droplets are 
falling and work is produced to move the car. 


Here, only kinetic energy is relevant: 




Theoretically, the velocity of water at the outlet of the turbine can be 
approximated to zero by increasing the area of flow and all of the kinetic 
energy can be converted into mechanical work. So, theoretically, 


Wrnax 

hi 


^ v final ~ gah 


clouds 


Note that decelerating a fluid is hydrodynamically a very difficult pro¬ 
cess. Therefore, in actual turbines, the efficiency of converting kinetic 
energy into work is limited. 


Example 1.16: Fat-Consuming Runner 

(a) A girl with a body mass of m runs for 1000 m with a speed of 5 km/h 
(Example Figure 1.16.1). The final destination is 100 m above the starting 
point. While the girl is running, heat is also released from her muscles. 
Assume that the runner’s metabolism operates so that all of the energy 
for running comes from catabolizing fat. Neglect the energy require¬ 
ment for metabolic activities and derive an expression to describe how 
the runner’s internal energy is converted into other forms of energy. 
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EXAMPLE FIGURE 1.16.1 The fat-consuming girl running uphill. 



Entire body 
(muscle work 
is converted 


into the kinetic 


and potential 
energies of 
the girl) 


System 

(the entire body) 


i-- 

Muscle subsystem 


*7 muscle 


EXAMPLE FIGURE 1.16.2 Schematic description of the fat burning and muscle 
work done by the girl to increase the kinetic and potential energy of her body. 


Energy conversion in this process is described in Example Figure 1.16.2, where 
only q re i eased crosses through the system boundaries. It should be noticed that 
the muscle work is produced in the muscle subsystem, which is then employed 
to make the entire body run. 

Let us first analyze the muscle subsystem with the energy balance: 

\_m(u + e p + e k + pv)] -[m(« + e p + e k + pv)] - Q musck - W muscU = 0 
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In this expression, the first, [tii{u + e p +e^ + pv)] in , and the second, [ m{u + e p + 
?k + pv) ] m ,t , terms represent the rates of the energy entering into and leaving 
the muscle with blood. Blood is a mixture of several chemical species. In this 
simplified analysis, we will assume that concentrations of all of the chemicals 
in the blood remain constant, except for fat, 0 2 , CO,, and H 2 0. Blood flowing 
into the muscle subsystem is rich in fat and oxygen. Inside muscle subsystem, 
fat is oxidized and reduced to C0 2 and H 2 0. Blood flowing out of the muscle 
subsystem is poor in fat and O, but rich in CO, and H 2 0. Thus, for the muscle 
subsystem, the energy balance is 

[( lhh )fa, + (™ h )o 2 ],„ ~[('^)co 2 + ( M )n 2 o] 0Ut -Q-* -W™* =° 


This can also be expressed in terms of the enthalpy of fat oxidation reaction 

(A h rX n)‘ 


mfaAKn 


Qmuscle muscle 


= 0 


The negative signs associated with the terms Q musc i e and w musc i e indicate that heat 
is released and work is done by the muscle subsystem. 

The first law of thermodynamics regarding the entire system is 


m{u+e p +C)t + pv)J ~^m{u+e p + e* + pv)J -Q-W = 


d m[u + e p +e 


I entire body 


dt 


As described in Example Figure 1.16.2, there is only oxygen entering through 
the system boundaries; therefore, m in = th in>mygen . The products of the fat oxida¬ 
tion (carbon dioxide and water) are transferred out of the system boundaries; 
therefore, in the energy balance, their enthalpy must be accounted for. Heat, 
which is produced in the subsystem by the muscle, is transferred to the system 
and then transferred to the environment; therefore, Q = Q musde - There is no work 
passing through the boundaries of the entire system, that is, W = 0- Then the 
first law of thermodynamics as applied to the entire body becomes 


(mh) 02 -[(mfc)^ +(mh) J : 


d m(u + e p +ek ) 

v -lentil 

dt 


entire body 


We may rearrange this equation as 

(^)o 2 -[(" th )co 2 + (' f ^)H 2 o] 0Ut -h~u*dt = d(mu) mtireboiy 


+d(me D ) . , , +d(me k ] . , . 

V F /entire body \ /entire body 
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The internal energy change of the entire body equals to those of the fat consumed: 
d(mu ) =d(mu) r 

V 'entire body V /fat 


The total amount of fat consumed by the girl during running is 

< mU )en,i ireBody =(»' /, )o 2 "[Weft + (^ko 

-q,nuxiedt -d(nie p ) mlire body - d ( me *) mtirebody 


The total amount of fat consumed is 


mfat ■■ 


Ufat 


me p ) at t=tfi„ a i 

q m uxu+ f d{ m ep)^ rehody -(mh) 02 +[{mh) m2 +( m h) H2 Q ] 


(mepjat t =0 


where 

p i t me p) final 


p [me p ) at t-tfinal 

d(me p ) . , J =mg a Ahi 

]( \ _ ^ , \ p / entire body * 

•» I mep jatf=0 7 

A/i is the elevation the girl reached after running 


While analyzing the thermodynamics of running, Myers (1982) reported 
that the work done by the muscles is identified as the sum of three terms: work 
done to overcome gravity (e.g., generating potential energy), work done against 
the inertial forces while accelerating (e.g., kinetic energy generation), and work 
done to overcome wind resistance, which is neglected in this example. 

You may also work on the following cases to calculate 

(b) How much fatty acids will be consumed to provide the utilized internal 
energy. 

(c) How much water will be needed for perspiration to remove the heat 
released. 

(d) When the girl runs on the treadmill, it needs to perform 20% more work 
than the total energy consumed by the girl to overcome the friction and 
other losses. Calculate the total amount of CO, released in this process, 
attributable to respiration of the girl plus the electric power consumption 
by the treadmill. 

Data: coefficient = 0.14 kg C0 2 is emitted/MJ of electric power utiliza¬ 
tion, J = kg/m 2 /s 2 , and g = 9.81 m/s 2 . You may assume that 1 kg of fat is 
equivalent to 900 g of stearic acid (C 18 H 36 0 2 ), and stearic acid is converted 
to C0 2 and H 2 0. 

(e) You may also work on the case when the girl described in Example 
Figure 1.16.1 is running downhill. 
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Example 1.17: Hydrodynamic Changes in the Heart due to Amputation 
or Limb Transplantation 

The rates of the heart failure are high among the people who have limb amputa¬ 
tions (Hrubec and Ryder, 1980; Modan et al., 1998). Amputation implies reduc¬ 
tion of the resistance to the blood flow; therefore, the steady state achieved in a 
healthy person’s body is disturbed after amputation. The heart needs to attain 
a new level of work performing, to establish a new level of steady state. Limb 
transplantation, in the simplest thermodynamic sense, means higher level of 
workload for the heart. An amputee who underwent the world’s first would-be 
quadruple limb transplant died in Turkey, a few days after surgery, on February 
27, 2012, after his heart and vascular system failed to sustain the new limbs 
(.Hiirriyet Daily News, 2012). In the biological systems, an organ or metabolic 
pathway adapts itself to the existing conditions, to minimize the energy utiliza¬ 
tion. Therefore, the amputee’s heart might have adapted itself to pump blood 
to the remaining part of the body, when he lost his both arms and legs after 
an accident that had occurred years ago. The additional work that the heart 
expected to perform after the transplantation is assessed in this example. 

For a healthy adult man, the volumetric flow rate of the blood through the 
left ventricle ranges between 4 and 7 L/min. Assuming a flow rate of 5 L/min, 
corresponds to a mass flow rate of 


h = vp = (5L/min) (1.060g/mL)(l000mL/L)j' j = 0.0883kg/s 


1000 s 


Pressure is the highest in the aorta at the exit of the heart and decreases as the 
blood travels along the circulatory system. Small arterioles and arteries have 
the greatest resistance and thus produce the highest pressure loss through their 
length. 

A cardiac cycle has four phases (Guyton and Hall, 2016): 

1. Filling: Blood flows into the ventricle from the left atrium and the volume 
increases. 

2. Constant-volume contraction: The volume of the ventricle remains con¬ 
stant since all the valves are closed, and the pressure increases. 

3. Ejection: The aortic valve is opened, blood flows into the aorta, and the 
volume decreases. 

4. Constant-volume relaxation: The aortic valve closes, so the pressure 
increases back to the diastolic pressure while the volume remains 
unchanged. 

The numerical values employed in this example are extracted from the intra¬ 
ventricular pressure versus the volume plot given by Rubenstein et al. (2011) for 
a healthy man. Work done by the left ventricle is (Morley et al., 2007) 


W Left ventricle 



V0 


(El.17.1) 
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Pressure drop A p along each blood vessel is calculated as (Qengel and 
Cimbala, 2006) 


A p 


(fL) 

^pv 2> 

l d ) 

l 2 J 


(El.17.2) 


where 

/is the Darcy friction factor 
L is the characteristic length 
d is the characteristic diameter of the blood vessel 
p and v are the density and the velocity of the blood, respectively 


In the laminar flow regime, for example, Re = (pvd)/p <2300, where Re is referred 
to as the Reynolds number, the Darcy friction factor is 


/ = 


64 

Re 


Mass flow rate in each vessel is calculated as 

. _ nd 2 pv 


(El.17.3) 


(El.17.4) 


After taking the density and the viscosity of the blood as p = 1.060 g/mL and 
p = 3.5 x 10 -3 kg/s m (Cho and Kensey, 1991) and employing Equations El.17.1 
through El.17.4, the following table is constructed. It should be noted here that it 
was discovered almost a century ago that the viscosity of the blood is not a constant 
quantity, but dependent on the diameter of the tube, for example, the vein. Below 
a critical point at a diameter of about 0.3 mm, the viscosity decreases strongly with 
reduced diameter of the tube. As a consequence, the resistance to the flow of blood 
in the arterioles (and in the small veins) is considerably less than would be the case 
if the streaming of the blood followed the law of Poiseuille, that is, behaved as a 
fluid with regard to its viscosity (Fahraeus and Lindqvist, 1931), therefore assum¬ 
ing a constant blood velocity here may be an oversimplification in a research. 

Example Table 1.17.1 shows that the mass flow rates of the blood through each 
arm and each leg are calculated as 6.18 x 10 -3 and 7.42 x 10 -3 kg/s, respectively. 
These values are deducted from the blood flow rate through the left ventricle of the 
healthy man to calculate the blood flow rates of an amputee (Example Table 1.17.2). 

Work done by left ventricle of a healthy man when one beat pumps 5 L blood 
per minute is calculated by integrating the pressure versus the ventricle vol¬ 
ume data (Rubenstein et al., 2011) as given in the MATLAB code. The reduc¬ 
tion caused by amputation in the blood volume and pressure is introduced into 
calculations: 


MATLAB CODE El.17 

Command Window 
clc 

clear all 
close all 
format compact 
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EXAMPLE TABLE 1.17.1 Pressure Drop in Each Arm and Leg 


Body 

Part 

Volumetric Flow 
Rate (L/min) 

m(kg/s) 

d (mm) 

v (m/s) 

Re 

/ 

Ap 

(mmHg) 

Arm 

0.35 (Voliantis and 
Secher 2002) 

6.18 x 10- 3 

4 (brachial 
artery) 

0.46 

557 

0.1 

12.82 

Leg 

0.42 (Jorfeldt and 
Wahren 1971) 

7.42 x 10" 3 
kg/s 

4 (profunda 
artery) 

0.56 

678 

0.09 

22.44 


Source: Shoemaker, J.K. et al., Cardiovasc. Res., 35,125,1997; Radegran, G. and Saitin, B., AJP-Heart, 
278, H162,1999. 

Note: The calculations are based on the brachial artery and the profunda artery, since they are the 
arteries with the largest diameter, 4 mm, in the arm and the leg, respectively. 


EXAMPLE TABLE 1.17.2 The Blood Flow Rates through the Left Ventricle of the Healthy 
Man and the Amputee 



A p across 
the Left 

Ventricle 

(mmHg) 

m across the 

Left 

Ventricle 

(kg/s) 

% Decrease 
of m through 
the Left 

Ventricle 

(fm x 100) 

Decrease 
of Ap 
through 
the Left 

Ventricle 

(mmHg) 

Work 

Performed by 
the Heart 
(Calculated by 
the Code) 

No amputation 

117.95 

0.0883 

0 

0 

0.958 

One leg amputated 

95.51 

0.0808 

9 

22.44 

0.689 

Two legs amputated 

73.07 

0.0734 

17 

44.88 

0.458 

Two legs and an arm 

60.25 

0.0673 

24 

67.32 

0.265 

are amputated 






Two legs and two 

47.43 

0.0611 

31 

70.52 

0.221 


arms are amputated 


% ENTER THE BLOOD PRESSURE AND VOLUME DATA AFTER AMPUTATION 
fm = 0.31; % fraction of the reduction in blood mass due to 
the amputation 

dP_mercury =70.52; % decrease in the blood pressure after 
amputation 
rm= (1-fm) 


% ENTER THE FILLING PHASE DATA 

vol_DA =rm*[5.01019E-05 5.11776E-05 5.35578E-05 5.62996E-05 
5.94771E-05 6.16439E-05 6.46777E-05 6.69890E-05 7.00233E-05 
7.36355E-05 7.75372E-05 8.05723E-05 8.33184E-05 8.64979E-05 
8.98220E-05 9.38699E-05 9.76284E-05 1.02400E-04 1.05726E-04 
1.08618E-04 1.11367E-04 1.14838E-04 1.16863E-04 1.19466E-04]'; 
% LV volume (m3) transpose the vector to save the space 

p_DA = [1327.58708 962.55537 774.67575 605.35981 529.37566 
491.16747 452.63504 414.37272 394.53902 374.48920 
373.02999 390.59388 408.26589 425.77578 443.23155 
516.51352 571.20476 700.31294 792.56388 884.97695 
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1052.23919 1163.13501 1237.17345 1329.69464]'; % Pressure 
(Pa) transpose the vector to save the space 

% ENTER THE EJECTION PHASE DATA 

vol_BC = rm*[1.18097E-04 1.16520E-04 1.14652E-04 1.12784E-04 
1.10189E-04 1.08319E-04 1.06448E-04 1.05153E-04 1.02991E- 
04 1.00974E-04 9.82348E-05 9.56387E-05 9.37643E-05 
9.13114E-05 8.77025E-05 8.49589E-05 8.20704E-05 7.87472E- 
05 7.60015E-05 7.25325E-05 6.94962E-05 6.67493E-05 
6.44347E-05 6.06737E-05 5.80697E-05 5.50312E-05 5.30027E- 
05 5.14069E-05 5.06797E-05 5.02383E-05] ' ; % LV volume (m3) 
transpose the vector to save the space 

P_BC = [11203.24994 11783.50688 12251.67918 12701.15274 

12982.60733 13394.68317 13713.26524 13956.83587 14238.12834 
14481.96922 14782.17666 15007.53493 15195.22536 15364.43317 
15534.07336 15628.59411 15704.47014 15724.41183 15725.43868 
15689.33819 15615.67784 15560.60837 15449.28033 15282.39632 
15152.47754 14985.32329 14742.99562 14463.10824 14257.69180 
13902.57700]% pressure (Pa), transpose the vector to 
save the space 

n = 4; % set the degree of the polynomials 
% unit conversions 

vol_DA_ml = vol_DA.*10^6; % unit conversion from m3 to mm3 
p_DA_mmHg = p_DA.*(760/101325); % unit conversion from Pa to 
mmHg 

vol_BC_ml = vol_BC.*10^6; 

P_BC_mmHg = P_BC.*(760/101325); % unit conversion from Pa to 
mmHg 

dP = dP_mercury*101325/760; % conversion from mmHg to Pa 
% FILLING PHASE CALCULATIONS 

f = polyfit(vol_DA,p_DA,n); % fit a polynomial (SI units) 
fit = polyval(f,vol_DA); % in SI units 

% Work done during filling of left ventricle (J) 
int_fit = polyint(f); % integrate polynomial analytically 
a = vol_DA(l) ; 

I = length(vol_DA); 
b = vol_DA(l) ; 

W_filling = abs(polyval(int_fit,b) - polyval(int_fit,a)); 

% EJECTION PHASE CALCULATIONS 

fl = polyfit(vol_BC,P_BC,n); % fit a polynomial (SI units) 

fl_unit = polyfit( vol_BC_ml, P_BC_mmHg,n); 

fitl = polyval(fl,vol_BC); 

fitl_unit = polyval(fl_unit,vol_BC_ml,n); 

% Work during ejection of left ventricle in joules 
int_fitl = polyint(fl); 
al = vol_BC(l); 

II = length(vo1_BC); 
bl = vol_BC(11); 

W1 = abs(polyval(int_fitl,bl) - polyval(int_fitl,al)); 
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%Pressure decrease - work calculation for amputees 
for i =1:11 

P_BC_amputee_trans (i) = P_BC(i)-dP; % in Pa 
P_BC_amputee_trans_unit(i) = P_BC_mmHg(i)-dP_mercury; %in 
mmHg 
end 

P_BC_amputee = P_BC_amputee_trans'; 

P_BC_amputee_unit = P_BC_amputee_trans_unit'; 

f2 = polyfit(vol_BC,P_BC_amputee,n); 

f2_unit = polyfit(vol_BC_ml, P_BC_amputee_unit,n); 

fit2 = polyval(f2,vol_BC); 

fit2_unit = polyval(f2_unit,vol_BC_ml); 

% work done by heart during ejection in amputee (area under 
the BC curve) 
int_fit2 = polyint(f2); 
a2 = vol_BC(l); 

12 = length(vo1_BC); 
b2 = vol_BC(12); 

W_ejection = abs(polyval(int_fit2,b2) - polyval(int_fit2,a2)); 

% Calculate the net work done by heart in 1 cycle (J) 

Work = W_ejection-W_filling 

% plot the P versus V data 
hold all 

f_unit = polyfit(vol_DA_ml,p_DA_mmHg,n); % with standard units 

fit_unit = polyval(f_unit,vol_DA_ml); % with standard units 

plot(vol_DA_ml,p_DA_mmHg, 1 r-') 

plot(vol_BC_ml,fit2_unit,'b'), grid 

title ('The Cardiac cycle') 

xlabel('Left Ventricular volume(ml)') 

ylabel('LV pressure mmHg') 

When we run this code for a healthy man with fm= 0 and 
dP_mercury =0 mmHg of pressure drop reduction due to 
amputation, we will have the following lines and Example 
Figure 1.17.1 appears in the screen: 

Work = 

0.9580 


When we run this code for an amputee with fm= 0.31 and 
70.12 mmHg of pressure drop reduction due to amputation, 
we will have Example Figure 1.17.2 and the following lines 
will appear in the screen: 

Work = 


0.2208 
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0 -- 3 ——---- 

50 60 70 80 90 100 110 120 


Left ventricular volume (mL) 

EXAMPLE FIGURE 1.17.1 The cardiac cycle of a healthy man with/ m = 0 and =0 
mmHg of pressure drop reduction due to amputation. 


The cardiac cycle 



EXAMPLE FIGURE 1.17.2 The cardiac cycle of an amputee with a f m = 0.31 and 
dP_mercury = 70.12 mmHg of pressure drop reduction due to amputation. 
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The energy balance equation relates the energy in and outflow with the work 
performed in a system. When we choose the heart as the system, the energy balance 
equation may be employed to relate energy utilization and the pump work performed 
by the heart. A mismatch between the load applied to the heart and energy needed 
to meet the load may arise from mechanical and/or metabolic factors is among the 
causes of the heart failure (Ventura-Clapier et al., 2003). The mass and the energy 
balance equations describe the match implied in this sentence. The same authors 
also state that factors that lead to abnormal contraction and relaxation in a failing 
heart include metabolic pathway abnormalities that result in decreased energy pro¬ 
duction, energy transfer, and energy utilization. Patients suffering from heart failure 
always complain about early muscular fatigue and exercise intolerance. The decreases 
in mitochondrial ATP production and energy transfer to the heart muscles through 
phosphotransfer kinases may play an important role in the heart attacks. Ormerod 
et al. (2008) anticipate that the agents, which modify cardiac substrate utilization, 
may have the potential to ameliorate the deficiency in energy supply and increase the 
pumping efficiency of the heart. The first law of thermodynamics makes it possible to 
study these phenomena mathematically. When heart is operating under steady-state 
conditions, for example, when 


d m + 


dt 


= 0 


S system 


after setting m in = m out =m, we may express the first law of thermodynamics as 

U-out ) &p,outJ k,in ^k,out ) 

+ ml Ml-PsuL | - rf, f pdv -Yw shaft - Y / = 0 

V Pin P out ) J ' 


where 

m is the constant flow rate of the blood through heart 

the term mj" pdv represents the work done by expanding the system boundaries 
against constant pressure, P 

the term is the energy consumption to overcome the total friction in the circula¬ 
tory system 

The left side of the heart pumps blood coming from lungs via pulmonary vein to the 
aorta, to travel around the entire circulatory system of the body. The right side of the 
heart pumps the blood coming from the lower and the upper parts of the body via vena 
cava to lungs via pulmonary artery. There is no shaft work in the circulatory system, 
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implying that / VV ' s h a ft =0; the potential energy term, for example, -e PtOUt ), is 

neglected when the engineering Bernoulli equation is used in association with the 
circulatory system; then we may write that 


m (- u 0Ut ) = m(e k , out - k k<in ) + mp 


pout 
y Pout 


Pin 

Pin 


ml" pdv + / 


where rn(u m - u 0Ut ) describes the energy cost of the heart work, where carbo¬ 
hydrates are employed in the energy metabolism to produce ATP, which is then 
employed in the heart to do the muscle work. The theory of Ventura-Clapier et al. 
(2003) states that heart attack will be inevitable, if the internal energy supply to 
the heart should not meet the energy demand. In the circulatory system internal 
energy is used to compensate the potential, for example, m((p<,„,/p 0U f)-(p;„/p;„)), 
and the kinetic energy, for example, m(e k j n -e k , out ), changes, the muscle work, for 
example, m j* p dv, and the friction, for example, f losses. In a healthy person, 

the heart needs to be operating under the steady-state conditions; any change in 
P in or P out indicates a blood pressure problem, for example, hypertension; since the 
velocity of the blood in the veins is related with the cross-sectional area of the veins, 
any change in th(e k j„ -e kt0Ut ) may indicate problem in the veins, such as narrow¬ 
ing due to cholesterol accumulation, which also causes a change in f. Skhiri 
et al. (2010) reported pulmonary hypertension, for example, increase in P out , for 
example, pressure in the pulmonary artery would increase in((p aiu I p out ) ~ (p m /pi„)), 
and obstruction of the ventricular outflow track would increase f, and may be 
among the reasons of the heart failure. It is also known that the pulse pressure 
affects the artery function (Hayman et al., 2012). Among the other reasons that 
Skhiri et al. (2010) reported as the cause of the right heart failure were volume 
overload, caused by tricuspid regurgitation, pulmonary regurgitation, atrial sep¬ 
tal defect, total or partial anomalous pulmonary return, and carcinoid syndrome, 
caused by a narrowing or constriction of the diameter of a bodily passage or orifice, 
and inflow limitation, caused by tricuspid stenosis and vena cava stenosis, all of 
which indicate disturbances in the mass balance equation, making it almost impos¬ 
sible to attain a steady-state value. Pericardial disease, for example, constrictive 
pericarditis, may disturb mjpdv, creating an unbalance between rn{u in - u 0Ut ) and 

m{e k ,mt-k k ,i n ) + mp ((p 0 „ t /p 0 „,)-(p;„/p;„)) + ?»|p<iv + ^/ is also stated among the 
causes of the right heart failure by Skhiri et al. (2010). Damman et al. (2007) draw 
attention to the point that worsening renal function is another predictor of clini¬ 
cal outcome in heart failure, both of which may be attributed to a common cause 
(Pearce et al., 2005). It should be noticed that the increased blood pressure implies 
a disturbance in in (( p out / p out )-(p tn lp m )), which subsequently upsets the steady state 
imposed by the engineering Bernoulli equation and causes the heart failure. 
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Example 1.18: Mass and Energy Balances around the Human Body 

In this example, the human body will be modeled as a combination of two 
subsystems. The first subsystem includes all of the respiratory and circulatory 
activities. The other subsystem is a cell, where the cellular metabolism occurs 
(Example Figure 1.18.1). The first subsystem delivers the necessary nutrients and 
oxygen to the cell (subsystem 2) and removes the waste of the energy metabo¬ 
lism (i.e., C0 2 , H 2 0). 

Assuming that the main nutrient of the cell is glucose, then the cellular 
metabolism occurring in the subsystem 2 can be summarized with the follow¬ 
ing reaction: 


C 6 H 12 0 6 + 60 2 6C0 2 + 6H 2 0 (El.18.1) 

In steady state, the enthalpy of this reaction is converted into heat and work. 

Work can be electrical work, if subsystem 2 is a neuronal cell, or displace¬ 
ment work, if subsystem 2 is a muscle cell. A cell also performs intracellular 
activities that require work consumption. Examples of such activities are 
enzyme expression, transportation of chemicals across negative concen¬ 
tration gradients, etc. If work is performed only for intracellular activities 
and no work passes through the system boundaries, then the enthalpy of 


Food intake, 
water intake, 
inhaled air 


^ Food waste, urine, 
exhaled air, 
respiratory heat, 
circulatory heat 


Human 

body 

(system) 


Subsystem 1 

Respiratory and 
circulatory systems 


Carbohydrates, 
lipids, amino acids, 
oxygen 



Water, urea, 
carbon dioxide, 
metabolic heat 


Subsystem 2 
Cellular metabolism 


EXAMPLE FIGURE 1.18.1 Schematic description of the human body as a com¬ 
bination of the respiratory and the circulatory and metabolic activity subsystems. 
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reaction is equal to the heat release. Under such circumstances, the heat 
release is called the metabolic heat, q EM : 

Qem = 6/ico 2 + 6/ih 2 o - h C6Hu06 - h 0l (El.18.2) 

If the main nutrient is a lipid, then lipid metabolism occurs. Here, the lipid is 
simulated as triglycerides of palmitic acid: 

C 16 H 32 0 2 +230 2 ->• 16C0 2 + 16H 2 0 (El.18.3) 

The metabolic heat related to the lipid metabolism, q LM , is defined as 

<Jlm =16/ico 2 +16 /Jh 2 o — ^c 16 h 32 o 2 _ 23fi 02 (El.18.4) 

A third chemical reaction is considered to model the conversion of amino acids 
to urea before excretion: 


C 6 H 12 N 2 0 4 S 2 + 7.50 2 ->• 5C0 2 + 4H 2 0 + CH 4 N 2 0 + 2S0 2 (El.18.5) 

The metabolic heat related with reaction E.1.18.5, q AAM , is defined as 

Q_aam = 5fico 2 + 4fin 2 o + ^ch 4 n 2 o + 2/iso 2 — ^c 6 hi 2 n 2 40 4 s 2 — 7 .5h 0l (El.18.6) 

The enthalpy of the metabolites occurring in reactions (El.18.1), (El.18.3), and 
(El.18.5) is listed in Example Table 1.18.1. 

MATLAB code E1.18 calculates the energy requirement of the runner to 
achieve a certain kinetic energy, the amount of oxygen and carbon dioxide, 
which accompany the metabolic activities, and the heat released from the run¬ 
ner’s body (Example Figures 1.18.2 through 1.18.5). 


EXAMPLE TABLE 1.18.1 Enthalpy of the Metabolites Contributing to Reactions 


(El.18.1), (El.18.3), and (El.18.5) under Physiological Conditions 


Metabolite 

MW (g/mol) 

h (kj/mol) 

Reference 

Glucose C 6 H 12 0 6(aq) 

180 

-1267.40 

Gen<; et al. (2013a) 

Oxygen 0 2 (aq) 

32 

-11.70 

Gen<; et al. (2013a) 

Carbon dioxide C0 2 (aq) 

44 

-700.59 

Gent; et al. (2013a) 

Water vapor H 2 0 (v) 

18 

-241.6 

Gent; et al. (2013a) 

Palmitic acid C 16 H 32 0 2 (1) 

256 

-436.9 

Domalski (1972) 

Amino acid (L-cystine) 

240 

-525.8 

Domalski (1972) 

C6H 12 N 2 0 4 S 2 ( c ) 




Urea CH 4 N 2 0 (aq) 

60 

-317.47 

Laidler (1980) 

Sulfur dioxide S0 2 (aq) 

64 

-466.35 

Johnson and Ambrose (1963) 
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EXAMPLE FIGURE 1.18.2 Estimation of the variation of the need for the food 
with the speed of the girl while running. 



EXAMPLE FIGURE 1.18.3 Estimation of the variation of the oxygen consump¬ 
tion with the speed of the girl while running. 
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EXAMPLE FIGURE 1.18.4 Estimation of the variation of the carbon dioxide 
production with the speed of the girl while running. 



EXAMPLE FIGURE 1.18.5 Estimation of the variation of the urea production 
with the speed of the girl while running. 
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MATLAB CODE El.18 

Command Window 

clear all 
close all 

% Enthalpy of formation of the nutrients 
hCarbohydrate= - 1267.4; % glucose (kJ/mol) 
hLipid= - 436.9; % palmitic acid (kJ/mol) 
hAminoAcid= - 525.8; % L-cystine (kJ/mol) 

% Molecular weights of the substances 

MWglucose=0.180; % molecular weight of glucose (kg/mol) 
MWpalmiticAcid=0.256; % molecular weight of palmitic acid 
(kg/mol) 

MWAminoAcid=l.940; % molecular weight of amino acid (kg/mol) 
% Metabolic heat release 

qEM= - 4315.5; % Heat released in energy metabolism (kJ/mol 
glucose) 

qLM= - 1020.5; % Heat released in lipid metabolism (kJ/mol 
palmitic acid) 

qAAM= - 5106.0; % Heat released in amino acid metabolism 
(kJ/mol amino acid) 

% Exergy of formation of the nutrients (from Cortassa et al. 
(2002) and Hayne (2008)) 

exCarbohydrate= - 16511; % exergy of the carbohydrate (kJ/kg 
glucose) 

exLipid= - 39182; % exergy of the lipid (kJ/kg palmitic acid) 
exAminoAcid= - 19059.5; % exergy of the amino acid (kJ/kg 
amino acid) 

% enter the composition of the food 

pCarbohydrate=input('Enter the percentage of carbohydrate in 
food: '); 

pLipid=input( 1 Enter the percentage of lipid: '); 
pAminoAcid=input( 1 Enter the percentage of amino acid: '); 

% mole fraction of the components the food 
fCarbohydrate= pCarbohydrate/ MWglucose; 
fLipid= pLipid/ MWpalmiticAcid; 
fAminoAcid= pAminoAcid/MWAminoAcid; 

% enthalpy of formation of the food (kJ/kg) 
hFood=fCarbohydrate*hCarbohydrate+fLipid 
*hLipid+fAminoAcid*hAminoAcid 

% exergy of formation of the food (kJ/kg) 
exFood=fCarbohydrate*exCarbohydrate+fLipid* 
exLipid+fAminoAcid*exAminoAcid 
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% heat generated (kJ/kg) 

qGenerated=fCarbohydrate*qEM+fLipid*qLM+fAminoAcid*qAAM % 
(kJ/kg food) 


% data regarding the person 

mGirl=input('Enter the weight of the girl(kg): '); 
vGirl=input('Enter the speed of the girl(m/s): '); 

% food needed to provide the kinetic energy gain for running 
mFoodForKineticEnergy=((1/2)*mGirl*(vGirl^2)/ hFood) /1000 
% kJ 


% heat generation associated with food consumption to 
provide the kinetic energy 

mFoodForHeatRelease= (mFoodForKineticEnergy)*(hFood) % 


% food needed to provide the kinetic energy gain for running 
plus heat generation 

mFood= ((mFoodForKineticEnergy)+(mFoodForHeatRelease))*1000 
% g food 

disp( ['total weight of food required is '... 
num2str(mFood) ' g to maintain ' num2str(vGirl) ' m/s of 
speed while running.']) 

% estimation of the exergy of the food uptake (kJ/kg food) 
vGirl=0.5:1.0:9.0; % speed of the girl while running 
mFood=((1/2)*mGirl*(vGirl.^2)+abs(qGenerated))/abs(exFood) 
ex=(mFood)*(pCarbohydrate*exCarbohydrate+pLipid* 
exLipid+pAminoAcid*exAminoAcid) 

% plot the exergy input needed to keep the girl running 
figure % start a new figure 
plot(vGirl,ex); 

xlabel( 1 Speed of the girl (m/s) ') 

ylabel('need for the uptake of food exergy (kJ)') 

% plot the cubic meters of oxygen needed to keep the girl 
running 

02=mFood*((fCarbohydrate/MWglucose)*6+(fLipid/ 
MWpalmiticAcid)*23)*22.4e-3; 
figure,plot(vGirl,02);xlabel('Speed of the girl 
(m/s)');ylabel('oxygen consumption (m^3)') 

% plot the cubic meters of carbon dioxide released while the 
girl is running 

C02=mFood*((fCarbohydrate/MWglucose)*6+(fLipid/ 
MWpalmiticAcid)*16)*22.4e-3; 
figure % start a new figure 
plot(vGirl,C02)/xlabel('Speed of the girl 

(m/s)')/ylabel('carbon dioxide production (m^3)') 
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% plot the amounts of urea produced while the girl is running 
Urea=mFood*((fAminoAcid/MWAminoAcid)); 
figure % start a new figure 
plot(vGirl,Urea);xlabel('Speed of the girl 
(m/s)');ylabel('urea production (mol)') 

When we run the code commands will appear in the screen. 

When we enter the requested numbers the code will plot 
Figures E.1.18.2 through E.1.18.6 as exemplified 

Enter the percentage of carbohydrate in food: 20 
Enter the percentage of lipid: 10 
Enter the percentage of amino acid: 5 

hFood = 

-1.5924e+05 

exFood = 

-3.4142e+06 


qGenerated = 

-5.3252e+05 


Enter the weight of the girl(kg): 55 
Enter the speed of the girl(m/s): 0.9 

mFoodForKineticEnergy = 

-1.3988e-07 

mFoodForHeatRelease = 

0.0223 

mFood = 

22.2749 


total weight of food required is 22.2749 g to maintain 0.9 
m/s of speed while running. 
mFood = 

0.1560 0.1560 0.1560 0.1561 0.1561 0.1562 0.1563 

0.1564 0.1566 


ex = 

1.0e+05 * 

-1.2748 -1.2750 -1.2752 -1.2756 -1.2761 -1.2768 -1.2776 
-1.2785 -1.2796 

The metabolic heats released as a result of reactions (El.18.1), (El.18.3), and 
(El.18.5) are calculated from Equations E.1.18.2, E.1.18.4, and E.1.18.6 are q EM = 
—4,315.5 kj/mol, q LM = —14,369.2 kj/mol, and q AAM - —5,106.0 kj/mol. 
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1.11 Questions for Discussion 

Q1.1 The device that is pictured in Question Figure 1.1.1 was used in the eighteenth 
century as a hearing aid. If the cross-sectional area of this device at the entrance of 
the sound is A p and that of the eardrum is A 2 , use the first law of thermodynamics 
to calculate the amplification of the sound. 

Q1.2 In the example regarding the car running with the energy harvested from rain, 
two droplets collide while dropping down from the cloud (Question Figure 1.2.1). 
Initially both the larger and the smaller droplets were at a distance h 2 above the 
ground, the larger one started falling down some time later than the smaller one. 
The droplets collided at a distance h 2 from the ground level. The two droplets started 
traveling together after the collision and arrived the car at the same time. Obtain an 
expression to describe the velocity of the droplet just before arriving the car if 

(a) No energy is lost in collision. 

(b) 10% of the kinetic energy of the larger droplet is released as heat. 

(c) Calculate the entropy generation during this process. If the droplet is at the 
same temperature with the environment T env . 

Q1.3 Woodchucks (Marmota monax ) are large squirrels (Question Figure 1.3.1). They 
dig the ground to make burrows, where they sleep, rear young, and hibernate. In 
the summer, they eat wild grasses and other vegetation, hydrate through eating 
leafy plants rather than drinking water, and accumulate fat. The fat is utilized as 
an energy source in winter while they hibernate. 

(a) By using the system boundaries given in Question Figure 1.1.1, make a fat bal¬ 
ance around a woodchuck to describe its accumulation in the woodchuck’s 
body during the summer. Then use the first law of thermodynamics to express 
the accumulation of internal energy in its body. 

(b) Make material balance around the woodchuck to describe the depletion of 
fat in the winter and then use the first law of thermodynamics to describe the 
depletion of the internal energy while hibernating. 


Cross-sectional 


Nerves transmitting 
signal to the brain 



Oval window 


QUESTION FIGURE 1.1.1 Schematic description of an eighteenth-century hearing device. 
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System 
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Direction of 
the rainfall 


QUESTION FIGURE 1.2.1 Schematic description of the collision process. 



QUESTION FIGURE 1.3.1 


The system, for example, woodchuck and the system boundaries. 
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(c) It was reported by Fenn et al. (2009) that the free-living South Carolina wood¬ 
chucks, which had 2340 g average body weight, lost 32.4% of their body weight 
upon hibernation for 2 months. Their average oxygen consumption rate 
was 1.43 mL of 0 2 per gram of body mass per day. We may summarize lipid 
consumption within the tissues as 

H 

I 

- C - + 3/2 0 2 —► C0 2 + H 2 0 

I 

H 

Calculate the percentage of the weight loss of the woodchucks caused by con¬ 
sumption of the lipids in the energy metabolism. 

Q1.4 A man falls into a frozen sea while walking on the ice due to a fracture on the 
surface (Question Figure 1.4.1). His body burns fat to reestablish his body tem¬ 
perature, but it keeps on declining. Write down the first law of thermodynamics 
to explain these phenomena. 

Q1.5 Life cycle of the Stuart salmon is described in Question Figure 1.5.1: 

Fraser River at British Columbia in Canada is the natural habitat of 
Oncorhynchus nerka , for example, early Stuart sockeye salmon. The life cycle of a 
sockeye salmon begins in the fall when an adult female returns to her natal fresh¬ 
water stream to lay up her eggs in a nest at about 2000 m elevation from the ocean. 
In the late winter, the eggs hatch into alevins, which remain hidden in the nest 
and feed from the nutrient-rich yolk sac until it is completely absorbed. In about 
2 years, the alevins grow to become fry, which migrate to a freshwater lake and 



QUESTION FIGURE 1.4.1 The man in the frozen sea, the system boundaries, and the direction 
of the heat and work flow. 
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Eggs 


Female ready 
to lay eggs 



Mature fish 





Smolt 


QUESTION FIGURE 1.5.1 Life cycle of early Stuart sockeye salmon. 

become smolts, and then go to the open ocean and remain there for 2-3 years, and 
then follow their path up the mainstream river and go back to where they were 
born in order to spawn and complete their life cycle. Early Stuart sockeye stop 
eating before starting their journey and then travel about 1500 km to reach their 
headwater spawning areas. During the journey, the fish swim against the water 
flow, which may reach 6 m/s at its fastest point (Hich et ah, 1996). 

Kiessling et al. (2004), while studying the changes in the composition of the fat 
and proteins in the muscles at various locations of the body of early Stuart sock¬ 
eye salmon, noted that after 1408 km of travel, the fish consumes up to 95% of the 
total fat and more than 60% of the protein content of their body. By using the first 
law of thermodynamics, estimate the amount of the fat they need to store in their 
muscles before starting the journey. 

Data: It is estimated from the data presented by Kiessling et al. (2004) that the 
average flow rate of the river against the swimming direction of the fish was 1.5 m/s. 
The fish traveled 1408 km of distance by nonstop swimming in 7 weeks. The aver¬ 
age weight of the females was 2419 g at the beginning of the journey, which became 
2088 g at the end of the journey. You may also assume that the protein to fat ratio 
of the salmon is the same as that of fillets, for example, 22 protein/12 fats. Energy 
obtained after metabolizing the muscle fat and protein reserve is the same as the 
fillet, for example, 18 kj/g proteins and 38.8 kj/g fats (Nutritiondata.self.com, 2012). 
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System boundaries 


Work for moving . 
toward the nutrient m 

Nutrient 

K «*) 


Electric p 

w 


Work for suspending 
the eel at a certain level 

K) 

QUESTION FIGURE 1.6.1 Schematic description of the eel while swimming toward its pray 

and trying to suspend its body in water and producing electric power. 

Q1.6 Work performed by an eel to swim toward its pray, for example, nutrient, is w m ; 
at the same time, it tries to suspend its body in water by performing work, w s , and 
the work done to produce electric power is w e (Question Figure 1.6.1). Write down 
the first law of thermodynamics to explain these phenomena. 

If should define the energy efficiency of this process as the total energy gained 
from the nutrient divided by the total work done for hunting, write an expression 
for the energy efficiency of the process. 

Q1.7 The hydraulic turbine shown in Question Figure 1.7.1 is being used to produce 
turbine work (w turbine ), it produces heat with friction (Qy ric ,and a fraction 






QUESTION FIGURE 1.7.1 The hydraulic turbine and the system boundaries. 
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of the incoming mass of water is splashed out (m spiash ) and leaves with veloc¬ 
ity v sp i ash , and some energy leaves the system as sound ( e sound ). Write down the 
first law of thermodynamics to calculate the turbine work {w turbine ) and also 
show that 

(a) As the amount of the droplets splashing around and their velocity increase, 
the amount of the work done by the turbine decreases. 

(b) As the friction of the turbine increases, the amount of the work done by the 
turbine decreases. 


1A Appendix 

Prefix and Symbols for Powers of 10 and the 
Greek Equivalents of the Latin Letters 

Prefix and symbols for powers of 10 and the Greek equivalents of the Latin letters are 
used frequently in this book and presented in Tables Al.l and A1.2, respectively. 


TABLE Al.l Prefix and Symbols 
for Powers of 10 


Prefix and Symbol 

10 24 

Yotta, Y 

10 21 

Zetta, Z 

10 18 

Exa, E 

10 15 

Peta, P 

10 12 

Tera, T 

10 9 

Giga, G 

10 6 

Mega, M 

10 3 

Kilo, k 

10 2 

Hecto, h 

10 1 

Deca, da 

10° 


10- 1 

Deci, d 

10- 2 

Centi, c 

10- 3 

Milli, m 

10- 6 

Micro, (a 

10- 9 

Nano, n 

10- 12 

Pico, p 

10- 15 

Femto, f 

10- 18 

Atto, a 

10- 21 

Zepto, z 

10- 24 

Yocto, y 
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TABLE A1.2 The Greek Equivalents of the Latin Letters 


Latin Letter 

Greek Letter 

Name of the Greek Letter 

A a 

A a 

Alpha 

Bb 

BP 

Beta 

Cc 

X* 

Chi 

Dd 

A 5 

Delta 

Ee 

Ee 

Epsilon 

Ff 

® 4> 

Phi 

Gg 

r y 

Gamma 

Hh 

Hn 

Eta 

Ii 

it 

Iota 

Jj 

a 4) 

This is not a Greek letter, but a keyboard equivalent 

Kk 

Kk 

Kappa 

LI 

AX 

Lambda 

Mm 

M p 

Mu 

Nn 

Nv 

Nu 

Oo 

Oo 

Omicron 

Pp 

nn 

Pi 

Qq 

00 

Theta 

Rr 

p P 

Rho 

Ss 

Eo 

Sigma 

Tt 

Tt 

Tau 

Uu 

To 

Upsilon 

Xx 

JLP 

[I] 

Xi 

W w 

£2 TB 

Omega 

Vv 

q tb 

This is not a Greek letter, but a keyboard equivalent 

Yy 

¥\l/ 

Psi 

Zz 

zi; 

Zeta 


Example Al.l: Greek and Latin Letter Equivalents of a Word 

Write down the following word with Greek letters and their Latin equivalents: 

Greek letters of the word: Beta, iota, omicron, tau, eta, epsilon, rho, mu, delta, 
psi, nu, alpha, mu, chi, and sigma 

We will find each Greek letter from Table A1.2 and write them side by side 
as BtoTqeppo8\|/vaptxo. We will convert this string of letters into Latin letters 
by referring to the same table and end up with the word Biothermodynamics. 



Taylor & Francis 

Taylor & Francis Group 

http://taylorandfrancis.com 
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Estimation of Thermodynamic 

Properties 


In the previous chapter, the governing equations of thermodynamics (mass, energy, 
entropy, and exergy balance equations) are derived. In order to solve these equations, 
numerical values of the thermodynamic properties are required. Thermodynamic prop¬ 
erties can either be experimentally measured or numerically estimated. This chapter 
aims to clarify how the thermodynamic properties are determined. The most abundant 
chemicals in the earth are air and water. Both also play important roles in biochemical 
reactions. So, first, we will discuss the determination of the thermodynamic properties 
of air and water and define ideal gas and steam table. For most of the engineeringly rel¬ 
evant substances, thermodynamic properties can be found in the literature. Since exper¬ 
imental data are more reliable than the estimated values based on the correlations, we 
have to use the experimentally measured data wherever possible. Databases like NIST 
chemistry webbook (http://webbook.nist.gov/) contain thermochemical data for thou¬ 
sands of organic and inorganic pure substances in gas, liquid, or solid phases. However, 
literature is limited for biochemical species. To estimate properties of such substances, 
numerical techniques such as group contribution method will be explained. Once the 
background information on the properties of simple substances is given, we will deepen 
our discussion by analyzing mixtures. Almost all real systems (such as blood, extracel¬ 
lular fluid, seawater, fuels) are mixtures. Toward the end of this chapter, we will provide 
equations to estimate the properties of mixtures based on the properties of the pure 
substances that make up the mixture. 

2.1 How Many Thermodynamic Properties 
May Be Fixed Externally? 

Thermodynamic properties ( p , T, h...) are interrelated to each other. Modifying one of 
them will affect the whole system and change the values of the remaining properties. 
In a thermodynamic system where the number of the phases is n and the number of 
the chemicals is c, the phase rule f= 2—n + c tells us the number of the thermodynamic 
properties that may be adjusted externally. For example, when/= 2, it means that two 
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properties define the thermodynamic state, in other words, if we set two properties (e.g., 
temperature and pressure), the system will set all the other thermodynamic properties 
itself. In such a system, we have the freedom of setting only two parameters as we wish. 

In a single-phase (31 = 1) mixture of n chemicals (c = «),/= 2—1 + n = n + 1, imply¬ 
ing that n + 1 properties are needed to define the state. These properties may be chosen 
arbitrarily as 


«(r,p ) c 1 ,c 2 ,c 3 ) ...,c„_ 1 ) 


or 


M(T,p,V > C 1 ,C2,C3,...,C„_ 2 ) 


or 


u(r,v,c 1 ,c 2 ,c 3 ,...,c„_ 1 ) 


where c t is the concentration of the rth species. 


Example 2.1: Degree of Freedom in an Ethanol Water Mixture 

How many of the intensive properties of an ethanol water mixture (Example 
Figure 2.1.1) define the thermodynamic state? 


f = 2-n + c 


where 

k = 2 (vapor and liquid phases) 
c = 2 (ethanol and water) 


Vapor phase mixture of 
ethanol and water 


P> y ethanol’ V water 



Well-insulated system 
^ (no heat or mass 
transfer is possible) 


Vapor phase mixture of 
ethanol and water 



System boundary 


P> y ethanol’ V water 


EXAMPLE FIGURE 2.1.1 Schematic description of a system of two phases and 
two chemicals at equilibrium. 
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After substituting the numbers, we will calculate/= 2. The extensive properties 
are T, jt, x wate „ x ethano „ y water> and y ethanol . We may fix any two of these properties 
as we wish, and then all the others will be established by the equilibrium, for 
example, we may assign values for T and y ethanol , and then p, x water , x ethanol , y waUr , 
etc., will be established by the equilibrium. If we should attempt to fix one more 
parameter, such as x water , we will not be able to keep the previously set values of 
T and y ethanol . 

On the labels of the wine bottle, we usually see recommendation like drink at 
room temperature or refrigerate before drinking etc. If we should consider wine 
as a mixture of water and ethanol, by neglecting the others, and remember that 
x ethanoi has already set by the wine maker, we can easily understand that by set¬ 
ting the second parameter, T, we actually set all the others too. The parameters 
x 1 and x 2 contribute to the taste, and the parameters y 1 and y 2 contribute to the 
aroma. Therefore, drinking the wine at the recommended temperature deter¬ 
mines its sensory properties. 


2.2 Interrelation between the Thermodynamic 
Properties of Ideal and Real Gases 

The ideal gas law and the law of the corresponding states are useful in relating the 
gas-phase thermodynamic properties. The ideal gas law sums up the result of the centu- 
ries-long research described by Boyle’s (1627-1691), Charles’ (1746-1823), and Gay-Lusac’s 
(1778-1850) laws in a very short expression as (Mahan, 1969): 

pV = nRT 


Furthermore, for an ideal gas, 


du = c v dT 


dh = CpdT 


ds — Cp 


dTf 

T 


-R 


dP 

P 


The application of this relation has been extended to the real gases when one more 
parameter, z, which is also called the compressibility, is added to the ideal gas law: 

pV = nzRT 

The theorem of the corresponding law indicates that all gases, when compared at the 
same reduced temperature and reduced pressure, have approximately the same com¬ 
pressibility factor and all deviate from ideal gas behavior to about the same degree. 
At high temperature and low pressures, if gas molecules do not interact, then z = 1. 
Under these conditions, the gas is referred to as the ideal gas. As the gas deviates from 



82 


Biothermodynamics: Principles and Applications 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 


Reduced pressure p r 


FIGURE 2.1 Generalized compressibility factor diagram. 

the ideal behavior, value of the compressibility factor Z deviates from one. The com¬ 
pressibility factor z may be evaluated by using the generalized compressibility factor 
diagram (Figure 2.1), as a function of T r = TIT C and p r = plp c where T r is the reduced 
temperature, p r is the reduced pressure, T c is the critical temperature, and P c is the 
critical pressure (Table 2.1). 

At low temperatures and high pressures, the gas molecules come close to each other 
and start interacting. This is the reason for the deviation from the ideal gas behavior. 


TABLE 2.1 Molar Mass, Critical Temperature, and Critical 
Pressure of Some Biologically Important Chemicals 



Molar Mass 

T c ( K) 

pA Pa) 

Acetic acid 

60.1 

592.0 

57.9 X 10 5 

Ammonia 

17.0 

405.7 

112.8 X 10 5 

Carbon dioxide 

44.0 

304.2 

73.8 X 10 5 

Ethanol 

46.1 

513.9 

61.5 x 10 5 

Methanol 

30.0 

512.6 

81.0 x 10 5 

n-Butyric acid 

88.1 

615.7 

40.6 X 10 5 

Nitrogen 

28.0 

126.2 

24.0 X 10 5 

Oxygen 

32.0 

154.6 

50.4 x 10 5 

Water 

18.0 

647.1 

220.6 X 10 5 


Source: Smith, J.M. et at, Introduction to Chemical Engineering 
Thermodynamics, 7th ed., McGraw-Hill, Singapore, 2005. 
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Example 2.2: Calculation of the Molar Volumes of Carbon Dioxide and 
Acetic Acid When T = 225°C (498 K) andp = 20 atm (p = 2026 kPa) 
by Using the Compressibility Factor 

(a) The critical temperature and the critical pressure for carbon dioxide 
are T c = 304.2 K and 73.8 x 10 5 Pa. The reduced temperature and the 
reduced pressure are 


T r = 


T 

% 


498 

304.2 


1.64 


and 


Pr = 


P_ 

Pc 


20.3 xlO 3 Pa __p 274 
73.8xl0 5 Pa 


The compressibility factor is read from Figure 2.1 as z = 0.98. The gas law 
with the compressibility factor is 


_ V _ zRT 
n p 


(0.98) (8.31 Pa/m 3 molK) (498 K) 
(2026 kPa) (1000 Pa/lkPa) 


= 2 . 00 xl 0 -3 m 3 /mol 


(b) The critical temperature and the critical pressure for acetic acid are 
T c = 592.0 K and P c = 57.9 x 10 5 Pa. The reduced temperature and the 
reduced pressure are 


T r = 


If 

Tc 


498 K 
592 K 


= 0.84 


and 


= J> = 20.3x10* Pa =Q 35 
p c 57.9xl0 5 Pa 

We may read the compressibility factor from Figure 2.1 with extrapola¬ 
tion as z = 0.12. The gas law with the compressibility factor is 

V zRT (0.12)(8.31 Pa m 3 /mol K)(498 K) , , 

v = — =-=---- = 2.4x10 m /mol 

n p (2026 kPa)(1000 Pa/1 kPa) 


Example 2.3: Calculation of the Volume of a Real 
Gas from the Number of Moles Data 

A fermentation process consumes 1000 mol of 0 2 /day. How many m 3 of gas 
needs to be supplied when T = 25°C and p = 10 x 10 5 Pa? Solve the problem by 
using the corresponding states theory. 
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It is given in the problem statement that h = 1000 g mol/day, T = 25°C = 
298 K, and p = 10 x 10 5 Pa. We can see from Table 2.1 that T c = 154.6 K and 
p c = 50.43 10 5 Pa; therefore, T r = TIT C = 1.93 and p r = p/p c = 0.2. From Figure 2.1, 
it is shown that z = 0.99. The corresponding theory states that V = znRTIp ; 
after substituting values of the parameters in equation, we will calculate 
V r =(0.99)(1000gmol)(8.42kPam 3 /kgmolK)(298K)/(100kPa)(lkgmol/1000gmol) 
= 24.8 m 3 /day. 


Heat needed to increase the temperature of a material by one degree is called specific 
heat. The specific heat also referred to as the heat capacity and may be defined as 

p-constant 



and 



For ideal gases, heat capacities can be estimated based on the kinetic theory of gases and 
the ideal gas equation. The kinetic theory of gases suggests that the monatomic gases 
move around with an energy of u = (3I2)RT. When the temperature of this gas increases 
at constant volume by AT, its energy increases by A u, implying that Au = (3/2)TAT, and 
then the c v of the gas will be 

c v =^= 3 T 
AT 2 


The enthalpy is defined as h = u + pv. For an ideal gas, we can substitute pv = RT. 
Accordingly, the heat capacity of an ideal gas under constant pressure is 


c p = 


dh 

If 


d(u + pv) du | d(pv) i d(RT) 
dT ~!f + dT ~ Cv+ dT 


— c v + R — 


3 5 

-R+R=-R 
2 2 


These expressions lead us to calculate c p lc v = 1.67; this ratio varies between 1.64 and 1.68 
for most monatomic gases including He, Ne, Ar, Kr, and Xe (Mahan, 1969). For air at 
1 atm and 20°C, this ratio is c p lc v = 1.4. 

Specific heat depends strongly on temperature. Measurements of c„ and c v with 
respect to temperature can be evaluated to determine an empirical equation for c p or c v 
as a function of temperature. In literature, such empirical equations are usually given in 
the form of either a second-order or a fourth-order polynomial, like 

c p = a + bT + cT~ 


where 

T is temperature in K 

a, b, and c are empirical constants given in Table 2.2 



Estimation of Thermodynamic Properties 


85 


TABLE 2.2 Constants of the Empirical Equation c p = 
a + bT + cT 2 for Biologically Important Gases When c p 
Is Expressed in J/mol K 


Gas 

a 

b 

c 

N 2 

26.990 

5.806 X 10- 3 

-2.884 X 10- 6 

o 2 

25.569 

13.2 X 10- 3 

-4.201 x 10- 6 

h 2 o 

28.829 

11.0 X 10- 3 

0.1919 X 10- 6 

CO, 

26.497 

42.4 X 10- 3 

-14.275 X 10- 6 

Air 

26.694 

7.4 X 10- 3 

-1.110 x 10- 6 

NH 3 

24.746 

37.5 X 10- 3 

-7.374 X 10- 6 


Source: Adapted from Whitwell, J.C. and Toner, R.K., 
Conservation of Mass and Energy, McGraw-Hill, New York, 1973. 


Numerical values of thermodynamic properties are evaluated based on a reference state. 
At the reference state, the absolute value of the property is set as zero (e.g., u re y = 0). 
Different databases may take different thermodynamic states as reference states. 
Therefore, if thermodynamic data from different databases are collected, then one should 
assure that the same reference state is used for each of the employed databases. If the ref¬ 
erence states of the databases are different, then we must correct the data accordingly. 

2.3 Interrelation between the Thermodynamic 
Properties of Water 

Thermodynamic properties of steam are tabulated in steam tables. These tables make it 
possible to estimate the values of the unknown thermodynamic properties from those of 
the known. In 1920s and 1930s, engineers working in the rapidly growing electric power 
industry needed internationally accepted tables listing properties of water and steam. 
Such tables would provide a common basis for designs, contractual specifications, and 
evaluation of the performance of purchased equipment. They would also help to avoid 
redundant calculations in an age when there were no calculators or computers and to 
make them readily available for everybody. After several meetings, the international 
community in 1934 agreed on steam tables for volume and enthalpy over a range of 
temperature and pressure. These tables were the basis for the widely used steam tables 
of Keenan and Keyes (1936), which became the backbone for engineering calculations 
for many years. Those international discussions gave birth to the organization called the 
International Association for the Properties of Water and Steam [IAPWS]. 

If we put a mass of pure water into a piston-cylinder system (inset in Figure 2.2) and 
heat it, then its temperature and volume will change, but its pressure will remain con¬ 
stant since the piston will adjust its position to keep the pressure on both sides equal. 
Let us assume that we have a piston-cylinder device filled with a liquid and we heat it. 
If we would measure the volume and the temperature continuously during the heating 
process and plot temperature versus volume, then we would obtain the constant pres¬ 
sure line as shown with a dash-dot-line in Figure 2.2. 
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FIGURE 2.2 The piston-cylinder system (inset) and the T versus v diagram for water. 

The constant pressure line remains horizontal, when water is a mixture of vapor and 
liquid phases. The two ends of the horizontal section represent the saturated liquid and 
saturated vapor points. If we repeat this procedure at different pressures and connect all 
the points representing saturated liquid and saturated vapor, then we obtain the satura¬ 
tion curve (the bold curve in Figure 2.2). The maximum point of the saturation curve 
is defined as the critical point. There are three regions in this diagram—the liquid, the 
saturated mixture, and the vapor. 

Saturated mixtures contain one chemical (c = 1) in two states (p = 2). The phase rule let 
us calculate the degree of freedom as/= 2—2 + 1 = 1, which means that the temperature and 
the pressure are interdependent and one cannot be changed without affecting the other. 
There are two limits for the saturated mixtures, for example, saturated liquid and satu¬ 
rated vapor. Since, during phase change, the degree of freedom becomes one, we need only 
one thermodynamic property to define the state of a saturated liquid or saturated vapor as 

^saturated liquid (.Ti P) hf (T) 
hsaturated vapor (f J p) hg (T) 

For the mixtures between these two limits, we need to define the quality, which shows 
how far away is the current state from the saturated liquid state: 


h-hf 



where h fg = h g —hf 
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FIGURE 2.3 Schematic diagram of the hydrogen bonds of a water molecule. 

The thermodynamic properties of water are dictated by its molecular structure. A water 
molecule is established by covalently bound two hydrogen and one oxygen atoms. Heat 
required to break 1 mol of molecules into their individual atoms is called bond energy. The 
hydrogen bonds are established between partially negatively charged oxygen of one water 
molecule and partially positively charged hydrogen atom of another water molecule. One 
water molecule may establish the maximum of four hydrogen bonds (Figure 2.3). 

The strength of an O-H covalent bond in a water molecule is 456 kj/bond, the O-H 
hydrogen has only about 3% of the strength of the covalent O-H bond, and therefore, 
boiling water at 100°C does not damage the molecular structure but break the hydrogen 
bonds only to evaporate it (Figure 2.4). 



FIGURE 2.4 Schematic drawing of the orientation of the water molecules under different states. 
It is seen in the picture disorder increases with temperature, (a) Water molecules in solid state, 
(b) water molecules in liquid state, and (c) water molecules in vapor state. 
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We may use the MATLAB® m-function Xsteam to calculate the thermodynamic 
properties of steam according to the IAPWS IF-97 standard (Holmgren, 2007). Xsteam 
is a freeware. 


Example 2.4: Determination of the Values of the Thermodynamic 
Properties of Water and Steam by Using the MATLAB 
m-Function Xsteam 

Syntax, which may be used to obtain the numerical values of some of the ther¬ 
modynamic properties of water and steam by using the MATLAB m-function 
Xsteam, is described in Example Table 2.4.1. 

It should be recognized that entering one property, for example, temperature 
and pressure, are needed while working with the saturated water, but two 
parameters, for example, temperature and pressure, while working with super¬ 
heated steam. 


EXAMPLE TABLE 2.4.1 Numerical Values of Some of the Thermodynamic Properties of 
Water and Steam as Determined by Using the MATLAB m-Function Xsteam 


Syntax 


Returns What? 

Numerical 

Value 

Saturated water 



XSteam ( 

1 tSat_p' ,1) 

tSat: saturation temperature at 1 bar 

99.6059°C 

XSteam ( 

' pSat_t ' ,90) 

pSat: saturation pressure at 90°C 

0.7018 

XSteam ( 

1 vL_p 1 ,70) 

vL: specific volume of the liquid phase at 70 
bar pressure 

0.0014 

XSteam( 

' vV_p ' ,70) 

vV: specific volume of the vapor phase at 70 
bar pressure 

0.0274 

XSteam ( 

' uL_t' ,95) 

uV: internal energy of the liquid phase at 95°C 

397.9306 

XSteam ( 

1 uV_t' ,95) 

uV: internal energy of the vapor phase at 95°C 

2.5000e+003 

XSteam ( 

1 hV_t',95) 

hV: enthalpy of the vapor phase at 95°C 

2.6676e+003 

XSteam ( 

' hL_t ' ,95) 

hL: enthalpy of the liquid phase at 95°C 

398.0185 

XSteam ( 

1 sV_p ' ,70) 

sV: entropy of the vapor phase at 70 bar 
pressure 

5.8146 

XSteam (' sL_p ' ,70) 

Superheated steam 

sV: entropy of the liquid phase at 70 bar 
pressure 

3.1220 

XSteam ( 

' h_pt ' ,1,20) 

h: the enthalpy of water at 1 bar and 20°C 

84.0118 kj/kg 

XSteam ( 

' rho ph ' ,1,3000) 

rho: density of steam with the input of the 
pressure, p= 1 bar, and the enthalpy, 

3000 kj/kg 

0.4056 kg/m 3 

XSteam ( 

'v_pt ' , 65,700) 

v: specific volume of the vapor phase at 65 bar 
pressure and 700°C 

0.0678 

XSteam ( 

' v_pt ' , 700,65) 

v: specific volume of the vapor phase at 

700 bar pressure and 65°C 

9.9110e-004 
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Example 2.5: Construction of the Saturated Water Table 

(a) When we run MATLAB code E2.5.1, we obtain a saturated water table, 
where temperature varies from 5°C to 150°C; all the other thermody¬ 
namic properties corresponding to the given temperature are listed in 
the same row. 


MATLAB CODE E2.5.1 

Command Window 

clear all 
close all 


% enter the temperature range 
T = [5:5: 150] ; 


% tabulate the results: 

fprintf('\n SATURATED WATER TABLE \n') 

fprintf(■\n T P_sat v_sat_L v_sat_V u_sat_L u_sat_V 
h_sat_L h_sat_V s_sat_L s_sat_V') % column captions 

fprintf( 1 \n (oC) (kPa) (m3/kg) (m3/kg) (kJ/kg) (kJ/kg) 

(kJ/kg) (kJ/kg) (kJ/kg K) (kJ/kg K) \n') % units 

for i=l:length(T) 

fprintf('%2.Of %6.2f %6.4f % 6.2f %5.If %7.1f %5.If 

%7.If %6.2f %7.2f \n',T(i), XSteam('pSat_t',T(i))*100, 

XSteam('vL_t',T(i)), XSteam('vV_t',T(i)), 

XSteam('uL_t',T(i)), XSteam('uV_t',T(i)), 

XSteam('hL_t',T(i)), XSteam('hV_t',T(i)), 

XSteam('sL_t',T(i)), XSteam('sV_t',T(i))); % P is in Bar 
in Xsteam, which is multiplied by 100 to convert in kPa 

% you should notice that input of only one parameter is 
sufficient to print the others 

end 

When we run the code the followings will appear in the 
screen (columns are aligned manually in the text): 

SATURATED WATER TABLE 


T 

(OC) 

P sat 

(kPa) 

v sat L 
(m3/kg) 

v sat V 
(m3/kg) 

u sat L 
(kJ/kg) 

u 

sat_V 

(kJ/kg) 

h_ 

sat_L 

(kJ/kg) 

h_ 

sat_V 

(kJ/kg) 

s_ 

sat_L 
(kJ/ 
kg K) 

s_ 

sat_V 
(kJ/ 
kg K) 

5 

0.87 

0.0010 

147.02 

21.0 

2381.8 

21.0 

2510.1 

0.08 

9.02 

10 

1.23 

0.0010 

106.31 

42.0 

2388.7 

42.0 

2519.2 

0.15 

8.90 
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15 

1.71 

0.0010 

77.88 

63.0 

2395.5 

63.0 

2528.4 

0.22 

8.78 

20 

2.34 

0.0010 

57.76 

83.9 

2402.4 

83.9 

2537.5 

0.30 

8.67 

25 

3.17 

0.0010 

43.34 

104.8 

2409.2 

104.8 

2546.5 

0.37 

8.56 

30 

4.25 

0.0010 

32.88 

125.7 

2415.9 

125.7 

2555.6 

0.44 

8.45 

35 

5.63 

0.0010 

25.21 

146.6 

2422.7 

146.6 

2564.6 

0.51 

8.35 

40 

7.38 

0.0010 

19.52 

167.5 

2429.4 

167.5 

2573.5 

0.57 

8.26 

45 

9.59 

0.0010 

15.25 

188.4 

2436.1 

188.4 

2582.5 

0.64 

8.16 

50 

12.35 

0.0010 

12.03 

209.3 

2442.8 

209.3 

2591.3 

0.70 

8.07 

55 

15.76 

0.0010 

9.56 

230.2 

2449.4 

230.2 

2600.1 

0.77 

7.99 

60 

19.95 

0.0010 

7.67 

251.1 

2455.9 

251.2 

2608.8 

0.83 

7.91 

65 

25.04 

0.0010 

6.19 

272.1 

2462.4 

272.1 

2617.5 

0.89 

7.83 

70 

31.20 

0.0010 

5.04 

293.0 

2468.9 

293.0 

2626.1 

0.95 

7.75 

75 

38.60 

0.0010 

4.13 

313.9 

2475.2 

314.0 

2634.6 

1.02 

7.68 

80 

47.41 

0.0010 

3.41 

334.9 

2481.6 

334.9 

2643.0 

1.08 

7.61 

85 

57.87 

0.0010 

2.83 

355.9 

2487.8 

355.9 

2651.3 

1.13 

7.54 

90 

70.18 

0.0010 

2.36 

376.9 

2494.0 

377.0 

2659.5 

1.19 

7.48 

95 

84.61 

0.0010 

1.98 

397.9 

2500.0 

398.0 

2667.6 

1.25 

7.42 

100 

101.42 

0.0010 

1.67 

419.0 

2506.0 

419.1 

2675.6 

1.31 

7.35 

105 

120.90 

0.0010 

1.42 

440.1 

2511.9 

440.2 

2683.4 

1.36 

7.30 

110 

143.38 

0.0011 

1.21 

461.2 

2517.7 

461.4 

2691.1 

1.42 

7.24 

115 

169.18 

0.0011 

1.04 

482.4 

2523.3 

482.6 

2698.6 

1.47 

7.18 

120 

198.67 

0.0011 

0.89 

503.6 

2528.9 

503.8 

2705.9 

1.53 

7.13 

125 

232.22 

0.0011 

0.77 

524.8 

2534.3 

525.1 

2713.1 

1.58 

7.08 

130 

270.26 

0.0011 

0.67 

546.1 

2539.5 

546.4 

2720.1 

1.63 

7.03 

135 

313.20 

0.0011 

0.58 

567.4 

2544.6 

567.8 

2726.9 

1.69 

6.98 

140 

361.50 

0.0011 

0.51 

588.8 

2549.6 

589.2 

2733.4 

1.74 

6.93 

145 

415.63 

0.0011 

0.45 

610.2 

2554.4 

610.7 

2739.8 

1.79 

6.88 

150 

476.10 

0.0011 

0.39 

631.7 

2559.0 

632.3 

2745.9 

1.84 

6.84 


(b) When we run MATLAB code E2.5.2, we obtain a saturated water table, 
where pressure varies from 10 to 480 kPa; all the other thermodynamic 
properties corresponding to the given pressure are listed in the same row. 

MATLAB CODE E2.5.2 


Command Window 


clear all 
close all 

% enter the pressure range (in Bar) 
p = [0.1:0.2:4.81; 

% tabulate the results: 

fprintf('\n SATURATED WATER TABLE \n') 

fprintf(■\n p T_sat v_sat_L v_sat_V u_sat_L u_sat_V 
h_sat_L h_sat_V s_sat_L s_sat_V') % column captions 
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fprintf( 1 \n (kPa) (oC) (m3/kg) (m3/kg) (kJ/kg) (kJ/kg) 

(kJ/kg) (kJ/kg) (kJ/kg K) (kJ/kg K) \n') % units 

for i=l:length(p) 

fprintf('%3.Of %2.0f %6.4f % 6.2f %5.1f %7.1f %5. If 

%7.1f %6.2f %7.2f \n',p(i) *100, XSteam ('tSat_jpp (i)) , 

XSteam('vL_p',p(i)), XSteam('vV p',p(i)), 

XSteam('uL p',p(i)), XSteam('uV p',p(i)), 

XSteam('hL p',p(i)), XSteam('hV p 1 ,p(i)), 

XSteam('sL p',p(i)), XSteam('sV p 1 ,p(i))); % P is in Bar 
in Xsteam, which is multiplied by 100 to convert in kPa 
% you should notice that input of only one parameter is 
sufficient to print the others 
end 

When we run the code the followings will appear in the 
screen (columns are aligned manually in the text): 


SATURATED WATER TABLE 


p 

T sat 

V 

V 

u 

u 

h 

h 

S 

S 











(kPa) 

(oC) 

sat L 
(m3/kg) 

sat V 
(m3/kg) 

sat L 
(kJ/kg) 

sat V 
(kJ/kg) 

sat L 
(kJ/kg) 

sat V 
(kJ/kg) 

sat L 
(kJ/ 
kg K) 

sat V 
(kJ/ 
kg K) 

10 

46 

0.0010 

14.67 

191.8 

2437.2 

191.8 

2583.9 

0.65 

8.15 

30 

69 

0.0010 

5.23 

289.2 

2467.7 

289.2 

2624.6 

0.94 

7.77 

50 

81 

0.0010 

3.24 

340.4 

2483.2 

340.5 

2645.2 

1.09 

7.59 

70 

90 

0.0010 

2.36 

376.6 

2493.9 

376.7 

2659.4 

1.19 

7.48 

90 

97 

0.0010 

1.87 

405.0 

2502.1 

405.1 

2670.3 

1.27 

7.39 

110 

102 

0.0010 

1.55 

428.7 

2508.7 

428.8 

2679.2 

1.33 

7.33 

130 

107 

0.0010 

1.33 

449.0 

2514.3 

449.1 

2686.6 

1.39 

7.27 

150 

111 

0.0011 

1.16 

466.9 

2519.2 

467.1 

2693.1 

1.43 

7.22 

170 

115 

0.0011 

1.03 

483.0 

2523.5 

483.2 

2698.8 

1.48 

7.18 

190 

119 

0.0011 

0.93 

497.6 

2527.3 

497.8 

2703.9 

1.51 

7.14 

210 

122 

0.0011 

0.85 

511.1 

2530.8 

511.3 

2708.5 

1.55 

7.11 

230 

125 

0.0011 

0.78 

523.5 

2533.9 

523.7 

2712.7 

1.58 

7.08 

250 

127 

0.0011 

0.72 

535.1 

2536.8 

535.4 

2716.5 

1.61 

7.05 

270 

130 

0.0011 

0.67 

546.0 

2539.5 

546.3 

2720.0 

1.63 

7.03 

290 

132 

0.0011 

0.63 

556.2 

2542.0 

556.5 

2723.3 

1.66 

7.00 

310 

135 

0.0011 

0.59 

565.9 

2544.3 

566.3 

2726.4 

1.68 

6.98 

330 

137 

0.0011 

0.55 

575.1 

2546.5 

575.5 

2729.3 

1.71 

6.96 

350 

139 

0.0011 

0.52 

583.9 

2548.5 

584.3 

2732.0 

1.73 

6.94 

370 

141 

0.0011 

0.50 

592.3 

2550.4 

592.7 

2734.5 

1.75 

6.92 

390 

143 

0.0011 

0.47 

600.4 

2552.2 

600.8 

2736.9 

1.77 

6.90 

410 

145 

0.0011 

0.45 

608.1 

2553.9 

608.6 

2739.2 

1.79 

6.89 

430 

146 

0.0011 

0.43 

615.6 

2555.6 

616.0 

2741.3 

1.80 

6.87 

450 

148 

0.0011 

0.41 

622.7 

2557.1 

623.2 

2743.4 

1.82 

6.86 

470 

150 

0.0011 

0.40 

629.7 

2558.6 

630.2 

2745.3 

1.84 

6.84 
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Example 2.6: Use of the M ATLAB m-Function Xsteam in 
Thermodynamic Analysis 

An evacuated chamber (Example Figure 2.6.1) with perfectly insulated walls is 
connected to a superheated steam pipe at 178°C and 20 kPa. The valve is opened at 
t = 0 and steam flows until pressures in the chamber and the pipe are in equilib¬ 
rium. The valve is turned off when t = tf Find the final temperature of the chamber. 

Solution 

Let us first write the mass balance as 

macc = - m out 

Since m out = 0, the mass balance equation will become 


The energy balance for this system can be written in the integral form as 




This equation can be simplified, since m out = 0, Q = 0, W = 0, m 0 = 0, and also 
e p and e k are negligible when compared to u and h: 

[m (u+pv)] in =[mu] acc 

Since m in = m acc and h = u + pv, we may simplify this equation further as 

hin a acc 

Superheated steam is coming from the steam pipe with its internal energy plus 
the p v work. The p v work will be added to the internal energy of the vapor in the 




\ 


/ 


\ 


/ 


\ 


/ 


System boundaries 


EXAMPLE FIGURE 2.6.1 The perfectly insulated steam chamber and the steam 
input line. 
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chamber. Since the pressure remains constant, temperature of the steam will 
increase, and it will be superheated. We will solve the rest of the problem by 
using the MATLAB code E2.6 and referring to XSteam: 

MATLAB CODE E2.6 

Command Window 

clear all 
close all 

% enter the data 

T = 178; % oC 
p = 20/100; % kPa 

h=XSteam( 1 h pt 1 , p,T) % determine the enthalpy of the steam 
entering into the chamber (kJ/kg) 

% determine the temperature of the superheated steam in the 
chamber (kJ/kg) 

% you should notice that input of two parameter are needed 
to print the other 

T= [170:1:350] ; 

% tabulate u as a function of T at 20 kPa 
fprintf( 1 \n SUPER HEATED STEAM \n') 

fprintf('\n T (oC) p (kPa) u(kJ/kg) \n ') % column captions 
for i=l:1:length(T) 

error =abs(h- XSteam('u_pt', p,T(i))); 
if error < 1 

% P is in Bar in Xsteam, multiplied by 100 to convert 
in kPa 

fprintf('%2.Of %3.0f %7.2f \n', T(i), p*100, 

XSteam (' u_jpt' , p,T(i))); 
end 

end 

When we run the code the followings will appear in the 
screen (columns are aligned manually): 


h = 

2.8364e+003 

SUPER HEATED STEAM 

T (oC) p (kPa) 

316 20 


u(kJ/kg) 
2836.81 


The final temperature of the steam is calculated as 316°C. 
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Example 2.7: Estimation of the Energy of a Hydrogen Bond between 
Different Water Molecules 

We will use the MATLAB m-function Xsteam to calculate the thermodynamic 

properties of the liquid water and steam. XSteam (‘hL_t’,100) and XSteam 

(‘hv_t’,100) returns h^= 419.1 kj/kg and h g = 2675.6 kj/kg. 

Ahph ase change ~ ^g ~hf — 2256.5 kj/kg 


hphase change is the amount of energy used to break the hydrogen bonds between 
the liquid water molecules during evaporation. h phase change is also called the 
latent heat of vaporization, since the temperature remains constant during the 
phase change. At 100°C one water molecule approximately makes 3.24 hydro¬ 
gen bonds. Therefore, the energy required to break one bond is calculated as 

/ , \ ( A/l phase change 

(Bond energy 1= - - --- 

R Number of bonds to be broken 


After substituting the numbers in the equation, we will have 


(Bond energy)=(2256.5 kj/kg) 


18 g 1kg 


Imol J^lOOOg K 3.24 bonds 


mol 


12.54 kj/bond 


Example 2.8: Boiling Point of a Solution 

Calculate the boiling point of water containing 5% inert, a chemical that does 
not evaporate, at sea level. 

One atmosphere is 0.987 bar. Vapor pressure of inert is negligible, when 
compared with that of water; therefore, the total vapor pressure on the 5% 
salt-containing solution will be p = p s ( 1—x). After rearranging this equation, 
we will obtain p s = pl{1—x) = 0.987/(1—0.05) = 1.039 bar. We will calculate the 
boiling temperature under p = 103.9 kPa as 100.6789°C, after entering XSteam 
('tSat _ p' ,1.039) to the command window of MATLAB. 


Example 2.9: Calculation of the Internal Energy, Enthalpy, 
and Entropy with XSteam 

MATLAB code E2.9 uses Xsteam to obtain the internal energy, enthalpy, and 
entropy at p = 30 kPa and T = 625°C, and p = 30 kPa and T = 675°C. The code 
also obtains the specific heat, c p and c v data from Xsteam; calculates « 675 , h 675 , 
and s 675 from u 625 , h 62S , and s 625 by using the following equations; and checks 
the agreement of the calculations with the values driven directly from Xsteam: 

675 <=675 

«675 = «625 + | Cv ( T ) dT = « 6 25 + ^ C v (j) [r (i) - T ( Z - l)] 

625 *= 626 
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r <=675 

^675 = ^625 + J Cp(T^dT =h 62 5 + Cp ©[T (f) — T (t — l)] 

625 1=626 

675 / j = 675 

S675 = S625 + J -^T“ ^ rM[ r ( ! )~ T (*“ 

625 1=626 ' ' 

MATLAB CODE E2.9 

Command Window 

clear all 
close all 
global cv 

% print out values of u, h and s at 625 oC and 30 kPa 
T = [625 675] ; % oC 

p= 30/100; % kPa, P is in Bar in Xsteam, divide in 100 to 
convert kPa into Bar 

% tabulate u, h and s as a function of T at 30 kPa 
fprintf( 1 \n SUPER HEATED STEAM \n') 

fprintf('\n T (oC) p (kPa) u(kJ/kg) h(kJ/kg) s(kJ/kg K) \n ') 
% column captions 

for i=l:1:length(T) 

u (i)=XSteam( 1 u pt' , p,T(i)); % determine the internal 
energy of the super-heated steam entering into the 
chamber (kJ/kg) 

h (i)=XSteam( 1 h_pt■, p,T(i)); % determine the enthalpy of the 
super-heated steam entering into the chamber (kJ/kg) 

s (i)=XSteam(■s_pt■, p,T(i)); % determine the enthalpy of the 
super-heated steam entering into the chamber (kJ/kg) 

% P is in Bar in Xsteam, multiplied by 100 to convert in kPa 
fprintf('%2.Of %3.0f %7.1f %7.1f %7.1f \n', T(i), 

p*100, XSteam('u_pt', p,T(i)), XSteam('h_pt', 
p,T(i)), XSteam('s_pt', p,T(i))) 

end 

% enter the lower limit of the integrals 
u625=u(1); h625=h(1); s625=s(l); 


% Calculate u, h and s 
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% enter the temperatures 
T1 = [625 :1: 675] ; % oC 

for i=2:1:length(Tl) 

cv (i)=XSteam('Cv_pt', p,Tl(i)); 

cp (i)=XSteam( 1 Cp_pt 1 , p,Tl(i)); 

sv(i)=XSteam('s_pt', p,Tl(i)); 
delta_u(i)=cv(i)*(Tl(i)-Tl(i-1)) ; 
delta_h(i)=cp(i)*(Tl(i)-Tl(i-1)); 
delta_sv (i) =cp (i) * (Tl (i) -Tl (i-1) ) / (Tl (i) +273) ; 
end 

u675=u625+sum(delta_u) % kJ/kg 
h675=h625+sum(delta_h) % kJ/kg 
s675=s625+sum(delta_sv) % kJ/kg K 

When we run the code the followings will appear in the 
screen (columns are aligned manually): 


SUPER HEATED STEAM 


T (oC) 

p (kPa) 

u(kJ/kg) 

h(kJ/kg) 

s (kJ/kg K) 

625 

30 

3346.9 

3761.4 

9.7 

675 

30 

3435.7 

3873.2 

9.8 


u675 = 

3.4357e+003 

h675 = 

3.8732e+003 

s675 = 

9.8394 

u675, h675, s675 are the same as the previously calculated 
numbers 


2.4 Tables of Experimentally Determined 
Thermodynamic Properties 

Within the last decades, scientists performed elaborate experiments to determine the 
thermodynamic properties of various substances. Reference books such as NIST web- 
book and Perry’s Chemical Engineers’ Handbook (Perry et al., 1973) provide us a rich 
database of thermodynamic properties. 

Table 2.3 lists thermodynamic properties of several chemical species under standard 
conditions, that is, 1 atm and 25°C. Under standard conditions, chemical species are 
considered to be pure, that is, c t = 1. 
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TABLE 2.3 Enthalpy and Gibbs Free Energy of Formation and Absolute Entropy of Some 
Chemicals of Biological Importance under Standard Conditions at 1 atm and 25°C 


Chemical Species 

Formula 

A h°f (kj/mol) 

s° (J/mol K) 

A g° f (kj/mol) 

Acetic acid (1) 

ch 3 cooh 

-484.2 

159.8 

-389.45 

Ammonia (aq) 

NH 3 

-80.3 

111.3 

-26.8 

Ammonium (aq) 

nh 4 + 

-132.8 

112.8 

-79.5 

Bicarbonate (aq) 

hco 3 - 

-691.1 

95.0 

-587.1 

Carbon dioxide (g) 

co 2 

-393.5 

213.6 

-300.4 

Carbonate (aq) 

co 3 - 

-676.3 

-53.1 

-528.1 

Carbonic acid (aq) 

hco 3 

-699.7 

187.4 

-623.2 

Ethanol (1) 

c 2 h 5 oh 

-276.9 

161.0 

-174.2 

Glucose (s) 


-1274.5 

212.1 

-910.6 

Acid hydrogen (aq) 

H+ 

0 

0 

0 

Methane (g) 

ch 4 

-74.9 

186.2 

-50.8 

Methanol (1) 

ch 3 oh 

-238.7 

126.8 

-166.3 

Oxygen (g) 

o 2 

0 

205.0 

0 

Sucrose (s) 

Ci 2 H 22 O u 

-2221.7 

360.2 

-1544.3 

Water (v) 

h 2 o 

-241.8 

188.7 

-174.1 

Water (1) 

h 2 o 

-285.8 

69.9 

-180.7 


Source: Chang, R., Chemistry, McGraw-Hill, New York, 2005. 


In biological systems, the environment usually acts as a buffer for H + , so that the 
pH remains constant regardless of the number of H + consumed or generated during 
individual reactions. Similarly, ionic strength remains constant, too. In the Section 2.1, 
we have stated that for a single-phase mixture of n-species, thermodynamic state can 
be defined with (/= 2 —ji + c) n + 1 properties. But for biochemical systems, where 
pH and ionic strength are strictly regulated and pressure remains constant, Alberty 
(2003) showed that Ah^and Ag f of the chemical species in the mixture can be calcu¬ 
lated based on the temperature, pH, and ionic strength of the system. Table 2.4 lists 
an example of Alberty’s calculations. Details of these calculations will be explained 
in Section 2.7. 

One of the most important chemical reactions is combustion. During combustion, 
hydrocarbons react with oxygen and the end products of a complete combustion are 
C0 2 and H 2 0. The enthalpy of reaction is referred to as the combustion enthalpy, 
A h c . Water produced as a result of the combustion process can be in vapor or liquid 
form. If the produced water is in vapor form, then A h c is referred to as the lower 
heating value (LH V). If water comes out of the combustion process in liquid phase, A h c 
increases due to the release of the enthalpy of vaporization of water, and then the 
enthalpy of this reaction is named as the higher heating value (HHV). Table 2.5 lists 
LHV and HHV of common fuels. 

Tables 2.6 and 2.7 list chemical exergies of some chemicals and energy sources. 
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TABLE 2.4 Enthalpy of Formation and Gibbs Free Energy of Formation of Some 
Metabolites at Standard Physiological Conditions 


Chemical Species 

A hj (kj/mol) 

A gj (kj/mol) 

Acetyl CoA 

-1.30 

-69.07 

Adenosine diphosphate 

-2644.19 

-1376.62 

Adenosine triphosphate 

-3632.27 

-2239.05 

1,3-bisphophoglycerate 

1.14 

-2295.63 

Citrate 

-1524.00 

-943.91 

Iso-citrate 

-3.97 

-997.98 

Coenzyme A 

-1.82 

-7.60 

Carbon dioxide 

-700.59 

-541.25 

Fructose 6-phosphate 

-5.84 

-1369.12 

Fructose 1,6-biphosphate 

-4.45 

-2295.25 

Fumarate 

-779.05 

-513.24 

Glucose 

-1267.40 

-393.80 

Glucose 6-phosphate 

-2281.24 

-1280.83 

Glyceraldehyde phosphate 

-3.23 

-1131.90 

Water (1) 

-286.70 

-150.53 

a-ketoglutarate 

0.00 

-659.09 

Malate 

-2.80 

710.33 

Nicotinamide adenine dinucleotide 

-10.86 

1100.24 

(oxidized) 

Nicotinamide-adenine dinucleotide 

-41.93 

1165.09 

(reduced) (NADH) 

Oxygen (aqueous) 

-11.70 

17.53 

Oxaloacetate 

0.87 

-743.65 

Phosphenolpyruvate 

-0.37 

-1237.25 

2-phospho-D-glycerate 

-1.23 

-1395.64 

3-phospho-D - glycer ate 

-1.23 

-1401.80 

Inorganic phosphate (P.) 

-1303.34 

-1049.70 

Pyruvate 

-597.09 

-341.02 

Succinate 

-915.46 

-515.43 

Succinyl-CoA 

-3.56 

-361.63 

Lactate (LAC_c) 

-688.38 

-298.93 


Source: Alberty, R.A., 77i ermodynamics of Biochemical Reactions, John Wiley & Sons, 
Hoboken, NJ, 2003. 

Note: T = 310.15 K, pH = 7 and ionic strength I = 0.18 M. 
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TABLE 2.5 Lower Heating Value and Higher Heating 
Value of Common Fuels 


Chemical Species 

HHV (MJ/kg) 

LHV (MJ/kg) 

Methane, CH 4(g) 

55.50 

50.0 

Ethane 

51.90 

47.80 

Propane 

50.35 

46.35 

Butane 

49.50 

45.75 

Diesel 

44.80 

43.40 

Wood fuel 

24.20 

17.00 


Source: Cengel, Y. and Boles, M., Thermodynamics: An 
Engineering Approach, McGraw-Hill, Singapore, 2011. 


TABLE 2.6 Standard Chemical Exergy of Some Biologically Important Chemicals at a T 
of 298.15 K and ap of 101.325 kPa 


Substance 

ex° hem (MJ/mol) 

Substance 

ex° hem (MJ/mol) 

c 

^(graphite) 

410.26 

h 3 po 4(s) 

104.0 

C0 2(g) 

19.87 

h 2 s (g) 

812.0 

C 6 H 12 0 6 (8) (a-galactose) 

2929.8 

h 2 so 4 (g) 

223.4 

C I2 H 22 O u (s) (P-lactose) 

5988.1 

K 

366.6 

Ci 2 H 22 Oii (s ) (saccharose) 

6007.8 

Mg 

633.8 

Ca (s) 

712.4 

N 2(g> 

0.72 

CaC0 3(s) (aragonite) 

1.0 

IS, (atmospheric) 

0.69 

CaO 

110.2 

NH 3 (8 ) 

337.9 

Ca(OH) 2(s) 

53.7 

NH 4 C1 w 

331.3 

Ca 3 (P0 4 ) 2(s j 

19.4 

nh 4 no 3(s) 

294.8 

H 2(g) 

236.1 

(NH 4 ) 2 S0 3(s) 

660.6 

H 

331.3 

NaCl (s) 

14.3 

HCl(g) 

84.5 

°2(g) 

3.97 

hno 3(1) 

43.5 

p 

A (s), a, white 

875.8 

H 2 0 (g) 

9.5 

c 

^(s), rhombic 

609.6 

H 2 0 ( i) 

0.9 

C/5 

O 

313.4 


Source: Adapted from Szargut, J. et al., Exergy Analysis of Thermal, Chemical, and Metallurgical 
Processes, Hemisphere Publishing, New York, 1988. 


TABLE 2.7 Exergy of Biologically Important Energy Sources 


Sunshine 

0.52 kj/m 2 s (Petela, 2008) 

Electricity 

1 MJ/MJ (Szargut, 1988) 

Diesel oil 

44.4 MJ/kg (Szargut, 1988) 

Diesel oil 

39.4 MJ/L (Hovelius and Hansson, 1999) 

Natural gas 

0.812 MJ/mol or 51.04 MJ/kg (Szargut, 1988) 



100 


Biothermodynamics: Principles and Applications 


Example 2.10: Calculation of the LHV and HHV of Methane 

When we burn methane with oxygen, one of the products will be carbon diox¬ 
ide and the other one will be water either in vapor or gas phase or a mixture of 
both. The reaction is as follows when water is in vapor phase: 

(a) CH 4(g) + 20 2 (g) ^CO 2(g) + 2H 2 0 (v) 

LHV = A/) /c02 ( g ) +2Ah fjH20 ( v ) - (Ahy >CH4 ( v )+2Ahy 02 ( g )j 
Enthalpy of formation values of each species can be found in Table 2.3. 
LHV = (-393.5) + 2(-241.8) -[(-74.9) + (o)] = - 802.2 kj/mol 


Molar weight of methane is 16.04 kg/kmol. 


- 802.2 kj/mol 
16.04 g/mol 


50.01 MJ/kg 


(b) When water leaves the system in liquid form, then 
CH 4 , (g) +20 2i(g) ^C0 2 , (g)+ 2H 2 0 (1) 

HHV = (-393.5) + 2(-285.8) -[(-74.9) + (O)] = - 890.2 kj/mol 

-890.2 kj/mol CCCAA/rT „ 

=---= 55.50 MJ/kg 

16.04 g mol 


The calculations indicate that larger heat of combustion is released when 
liquid water, instead of water vapor leave the system. The calculated values 
are in good agreement with the experimentally determined data (Table 2.5). 


Example 2.11: Enthalpy of Formation of Aqueous Glucose 

The apparent reaction of the aerobic respiration of glucose is 
C6Hi 2 C>6(aq) + 60 2 ( g ) —> 6C0 2 ( g ) + 6H 2 0(1) 

A h R = -2880 kj/mol glucose 

In a system, where no work is transferred through the system boundaries, Ah R 
is equal to the metabolic heat released as a result of respiration. Heat of forma¬ 
tion of H 2 0 and C0 2 are given as 

Cgraphite + 0 2 ( g ) —> C0 2(g ) A hf tCOl = -417 kj/mol 

H 2 ( g ) + 1 /20 2(g) -» H 2 0(i) 


Aliy, h 2 o =-286 kj/mol 
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We may estimate the enthalpy of formation of glucose from the metabolic heat 
released during respiration as 

A/t R =6Ahf'Co 2 + 6Ahf, lil o — Ahf tg i ucose —6Ahf t o 2 


where 

Ah^ o 2 = 0 by definition 

Afi/”glucose = (2880) + (6)(-417) +(6)(-286) = —1338 kj/mol 


This is the enthalpy of formation of crystalline glucose. When glucose dis¬ 
solves, OH groups make hydrogen bond with water and each hydrogen bond 
will have 20 kj/mol of energy. Therefore, the enthalpy of formation of dis¬ 
solved glucose is 

A hf t glucose(aq) A Il f g! ucose(.s ) 3“ ( 5 ) Ahf hydrogen bond 

Dhf, giucose(aq) — ( 1338 kj/mol) + (5)(20 kj/mol) = -1238 kj/mol 

Ahj g ju C ose calculated here is in very good agreement with Ahf glucose given in the 
literature as -1262 KJ/mol. 

The total bond energy of glucose, that is, heat needed to break glucose into 
its atoms, was calculated as 9230 kj/mol. We may expect to utilize -9230 kj of 
energy to synthesize glucose from its atoms, which is about seven times of its 
Ah^ The difference is caused because of the difference in the starting materials, 
for example, the atoms C, H, and O versus the molecules C0 2 and H 2 0 in each 
process. 


Example 2.12: Calculation of the Enthalpy of Formation and 
Gibbs Free Energy of Formation of Saccharomyces cerevisiae 

Saccharomyces cerevisiae is a species of yeast. Being a microorganism, 
S. cerevisiae consists of many different chemical substances. It is nearly impos¬ 
sible to determine the exact concentration of each individual chemical species 
in a S. cerevisiae. Thus, we cannot define it as a mixture and calculate its Ahf 
and Agybased on the thermodynamic properties of individual chemical species. 

This example aims to demonstrate how the thermodynamic properties Ahf, 
Asp and Agy, which are essential for energy, entropy, and exergy analyses, can 
be obtained for microorganisms from the available data in the literature. For S. 
cerevisiae, we have limited data in the literature. 

Battley et al. (1997) determined the unit carbon formula (UCF) for S. cerevisiae as 

CH 1 . 613 O 0 .557N„ .158P().012So.003Ko. 022-M-go .oraCao.ooi 

This formula is an empirical representation of the cellular structure of the cell, 
which means that within its structure for each carbon atom, there are 1.613 
hydrogen, 0.557 oxygen, etc., atoms. 
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The UCF weight of S. cerevisiae cells is 

UClF ce || we ight CX [CIWcomponent,i 

i=l 

where 

a, is the number 

aw componet i is the atomic weight of the ith component within the cell; therefore, 
UCF ceU = (1) (12) + (1.613) (1) + (0.557) (16) + (0.158) (14) + (0.012) (31) 

+ (0.003) (32) + (0.022) (39) + (0.003) (24) + (0.001) (40) 

= 26.2 g/UCF. 

Battley (1998) measured the enthalpy of combustion of S. cerevisiae in a calo¬ 
rimeter as -19.44 kj/g. If we assume that in the calorimeter the microorganism 
is combusted completely with the stoichiometric amount of oxygen, then the 
following reaction can summarize the combustion: 

CHi 613 O 0 .557N 0 i 58 P 0 012 So.o 03 Ko. 022 kTgo. 003 C a 0 . 001 (s) + 1.510 2 ( g ) 

-> C0 2(g ) + 0.806H 2 0 (1) + 0.079N 2(g) + 0.003P 4 0 10(cr) + 0.003S0 3(g) 

+ 0.011 K 2 0 (cr) + 0.003MgO (cr) + 0.001 CaO (cr) 

The reactants of this apparent reaction are the cell in solid state and oxygen (gas), 
and the products are carbon dioxide (gas), water (liquid), nitrogen and S0 3 (both 
of them are gas), and K 2 0, MgO, and CaO (all in crystalline state). Based on the 
derived apparent combustion reaction, the enthalpy of combustion can be writ¬ 
ten in terms of the enthalpy of formation of the reactants and products: 

AK.ceii = Ahf t co 2 (g) + 0.806A /!/, h 2 o ( 1 ) + 0.079A/2^ jN2(g) 

+ 0.003A/jy jP40lo(cr ) +0.003A/i^ >SO3 ( g ) +0.011 A/i^ >K 2O(ci ) 

+ 0.003A/jf >MgO ( cr , + 0.001 Ah, 

,CaO(cr) - [A hf tCeU ( s) + 1.510/if >02 ( g ) ] 

where 

A h CtCe n = (-19.44 kj/g)(26.2 g/UCF) = - 509.3 kJ/UCF 

The enthalpies of formation of all the chemicals involved in the combustion 
reaction, except the A hj of the cell, are available in Table 2.3. After substitut¬ 
ing the numerical values, the enthalpy of formation is calculated as Ahf ceU ^ = 
-133.13 kJ/UCF. 

Other data found in the literature are the heat capacity of lyophilized 
S. cerevisiae cells as a function of temperature. These data are employed to cal¬ 
culate the entropy of the cell as 

. yr(T)dT 
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EXAMPLE FIGURE 2.12.1 Variation of c p of lyophilized Saccharomyces cerevisiae 
cells with temperature. The MATLAB® code implies that c pce u s = 0.0064T 2 - 0.0529T 3 . 
(Data adapted from Battley, E.H. et al., Thermochim. Acta , 298,37,1997.) 

The MATLAB code E2.12 employs the c p {T) values reported by Battley et al. 
(1997) to carry out integration; the initial condition s = 0atT=0 Kis defined 
by the third law of thermodynamics (Example Figure 2.12.1). 

MATLAB CODE E2.12 

Command Window 


clear all 
close all 
format compact 

% enter the data 

T= [10 15 20 25 30 35 40 45 50 60 70 80 90 100 110 120 130 
140 150 160 170 180 190 200 210 220 230 240 250 260 270 
273.15 280 290 298.15]; % temperatures (K) 
cp= [0.014 0.035 0.063 0.093 0.124 0.155 0.186 0.215 0.244 0.299 
0.350 0.399 0.445 0.489 0.531 0.572 0.612 0.651 0.691 0.731 
0.774 0.819 0.863 0.904 0.944 0.985 1.026 1.066 1.107 1.149 
1.189 1.201 1.226 1.264 1.299]; % specific heats (J/K g) 

% plot the data 
plot (T,cp, 1 k* 1 ); hold on; 
xlabel ('T (K)'); 
ylabel ('cp (J/K g)') 

% fit a polynomial empirical model to the data 
N=3; % determine N by trial and error to obtain good 
agreement between model & data 
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c = polyfit(T,cp,N) % the fitted polynomial is 
cpModel=c(1)+c(2)T+c (3)T^2+c(4)T^3 

Tmodel=l:1:300; 
cpModel=polyval(c,Tmodel); 

plot (Tmodel,cpModel, 1 k-', 1 LineWidth 1 ,2); hold on; 

legend( 1 data 1 , 1 model', 1 Location 1 ,'SouthEast') 

for i=2:length(T) 

deltas(i)= (cp (i)*(T(i)-T(i-1))/T(i)); % incremental 
entropy increase 

end 

S= sum(deltas) 

When we run the code the following lines and figure will 
appear in the screen: 

c = 

0.0000 -0.00000.0064 -0.0529 

S = 

1.3055 


Entropy of lyophilized S. cerevisiae cells is calculated as s ceU = 1.305 J/kg at 
T = 298.15 K with the MATLAB code, and it agrees well with the numerical 
value reported as s cell = 1.304 J/kg by Battley et al. (1997). 

To calculate the Gibbs free energy of formation, let us assume that the 
S. cerevisiae cells are synthesized by bringing its elements together: 


_ 1.613 0.557 

C( s ) H-: H 2 m "•-:—O 


l2 (g) ‘ 


2 (§) 


+ 0.003Mg^+0.001Ca^ 


+ —-— N, (g) + ——— P 4 ( s) + 0.003S (s) + 0.022K (s) 

CH L61 30o.557No.l58Po.0 12 So.003Ko.022Mgo.o03Ca 0001 ( s J 


Then the entropy of formation of the cell may be expressed as that of the syn¬ 
thesis reaction: 


cell CCfAs^ element, i 

i=l 

where a, is the number of the atoms of the 2 th element involved into the formation 
reaction; the standard entropies at 298 K are given in Example Table 2.12.1. 


EXAMPLE TABLE 2.12.1 Standard Entropies of the Atoms of Saccharomyces cerevisiae 
at 298 K 


Element 

c (s , 

H 2(g) 

°2(g) 

N 2(g , 

P 4(s) 

S(s) 

K ( s, 

MgW 

Ca(s) 

A s° f (J/mol K) 

5.73 

130.5 

199.6 

191.0 

164.4 

31.9 

64.2 

32.7 

41.6 


Source: Data adapted from Mahan, B., University Chemistry, 2nd ed., Addison-Wesley Pub. Co. 
Manila, 1969; GenChem Textbook, http://chemed.chem.wisc.edu/chempaths/GenChem-Textbook/ 
Standard-Molar-Entropies-984.html. 
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After substituting the numbers, we will have A Sf cell = —149.7 J/UCF K, which 
agrees well with the result calculated by Battley et al. (1997) as A Sf cdl = -151.4 J/ 
UCF K. 

Gibbs free energy of formation can be calculated based on the enthalpy and 
entropy values as 


A gf,cell - Ahf ce lk -TASf^ells 

After substituting A hf ceUs = —133.1 kJ/UCF, T = 298.15 K, and A Sf ceU = —149.7 kj/ 
UCF K, we will calculate that A gf yCeUs = —88.5 kJ/UCF. 

Remark: Note that the calculated thermodynamic properties are based on 
the UCF of the dried S. cerevisiae cell. A living S. cerevisiae cell has nearly 70% 
water. Studies done with scanning electron microscope indicate that a S. cere¬ 
visiae cell has a spherical shape with a diameter of ca. 4.5 pm (Pringle et al., 
1979). The average cell density is 1.1126 g/mL (Baldwin and Kubitschek, 1984). 
Therefore, the mass of a single S. cerevisiae cell is calculated as 4.0 x 10 -14 kg. Since 
about 70% of the cell volume is water, and not synthesized by the cell, we will 
consider that only 30% of the cell mass contributes to enthalpy, entropy, and 
Gibbs free energy of formation: 


Ah ft = (-133.13 kJ/UCF)(l000 j/kj) 
= -6.0xl0" 8 J/cell 


UCF 

26.6 g 


'4.0xl(T 14 kg/cell)(l000g/kg)(0.30) 


( UCF A 


As fta u =(-151.4 J/UCF K)|^^-J(4.0xl0“ 14 kg/cell)(l000 g/kg)(0.30) 
= -6.8 xlO -11 J/cell K 


Agf,ceii = (-88.5 kJ/UCF) 
= 4.0xl0" n J/cell 


UCF 

26.6g 


'4.0xl0" 14 kg/cell)(l000g/kg)(0.30) 


Example 2.13: Calculation of the Exergy of Chlamydomonas reinhardtii Lipid 

Chemical exergy values of numerous chemical species are available in the litera¬ 
ture. However, it is rather difficult to find thermodynamic properties for specific 
chemicals, especially biological hydrocarbons. This example aims to demonstrate 
an estimation method for the chemical exergy of a Chlamydomonas reinhardtii 
lipid. C. reinhardtii is a single-cell green alga, which is widely used for experi¬ 
mental studies. 

Chemical exergy content of a substance can be estimated based on the known 
chemical exergy values of the products at the true dead state. Moran (1982) 
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suggested the following formula to estimate the chemical exergy of liquid 
hydrocarbons of the type C z H,,0*: 

ex M„ra„ = LHV ^1.0401 + 0.01728 ^- + 0.0432 - J 

where LHV stands for lower heating value. Szargut and Styrylska (1964) sug¬ 
gested an alternative formula: 

ex Sz a m ands«yUka = LHV ^ 1 .04224 + 0.011925 ^ J 

LHV for common fuels are listed in literature. If LHV data cannot be found 
from the open literature, then it can be estimated as 

LHV = h° f - |(-393,520)z + (-241,820) ^ j 

where h'j is the standard enthalpy of formation. Since a precise measurement 
of h° for algal oil could not be found in the literature, hf is estimated based on 
the photosynthesis enthalpy. Enthalpy of photosynthesis Ah r is 479.4 kj/mol of 
C. Accordingly, 

h}= 479.4 xz 

The C. reinhardtii lipid has an empirical formula of C 69 H 98 0 6 (Kuqiik et al., 2015). 
Accordingly, we can estimate its thermodynamic properties as 

h'f = 479.4 x 69 = 33,078.6 kj/mol 

LHV = h° f - ^(—393,520)69 + (-241,820) y j = 39,035,139 kj/kmol 

exMoran = 41,705,108 kj/kmol = 40,746 kj/kg 

exszargut and stryhka = 41,321,359 kj/kmol = 40,371 kj/kg 

Results of the two estimation methods for the chemical exergy differ less than 1%. 
Example Table 2.13.1 lists hfW, LHV, and chemical exergy estimations for vari¬ 
ous biochemicals. 


2.5 Group Contribution Method 

Biological systems usually have very complex chemical structures; therefore, their ther¬ 
modynamic properties, such as specific heat, enthalpy, and Gibbs free energy of forma¬ 
tion, may not be found in the literature. In such cases, the detailed chemical formula 
of such chemicals may be used to list the groups contributing to their structure, and 
then the thermodynamic properties of these contributing methods are added up to 
estimate those of the entire structure. The molecular groups are not chosen randomly. 
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EXAMPLE TABLE 2.13.1 Standard Enthalpy of Formation (/t“), Lower Heating Value, 
and Chemical Exergy (ex ch ) Estimations for Various Biochemicals 


Chemical Exergy 
Calculated According to 



c 

H 

O 

hf 

(kj/mol) 

LHV 

(kj/kg) 

Moran 

(1982) 

(kj/kg) 

Szargut and 
Styrylska 
(1964) (kj/kg) 

Cell debris 

4.17 

8 

1.25 

1,999 

26,162 

28,417 

27,602 

Triacylglycerol 

8 

16 

1 

3,835 

39,672 

40,940 

40,211 

Lipid based on doconexent 

69 

98 

6 

3,3079 

38,138 

40,371 

40,000 

Lipid based on oleic acid 

57 

100 

6 

27,326 

39,197 

41,644 

41,158 

Lipid based on palmitic acid 

51 

98 

6 

24,449 

39,566 

42,111 

41,563 

Sugar 

6 

12 

6 

2,876.4 

21,175 

22,427 

21,248 

Algal biomass 

1 

1.83 

0.48 

479.4 

26,309 

26,890 

25,157 


For example, data of radical groups cannot be calculated separately, but taken as a whole. 
Benson (1965), Shieh and Fan (1982), Szargut et al. (1988), Domalski and Hearing (1993), 
Marrero and Gani (2001), and Gharagheizi et al. (2014) are among the researchers who 
made substantial contribution to the development of this method. Algae, yeast, bacteria, 
viruses, biopolymers, and bioactive chemicals such as vitamins are among the bioma¬ 
terials for which the only information available is in the form of an empirical formula. 
For such case studies, Batteley and coworkers’ studies (Battley, 1999; Battley and Stone, 
2000) may be referred to estimate the entropy of formation of the biomass. Kopp’s rule 
may be regarded as one of the pioneering studies of the group contribution methods for 
the estimation of the specific heat of solids and liquids. Kopp’s rule says that specific heat 
of a solid compound is equal to the sum of the heat capacities of its constituting atoms as 


n 



i =1 


In this equation, c p of each molecule is determined experimentally and the number of each 
atom, in a molecule is set according to the molecular structure. The previously stated 
equation is written for large data sets that include as many molecules as possible. Later, the 
values of c p i are determined via regression analysis to minimize the sum of the square error 
between the measured values of c p and their numerical estimates (Hurst and Harrison, 1992). 
The values of the atoms of the original formulation of Kopp’s rule are given in Table 2.8. 


Example 2.14: Estimation of the Specific Eleat of Liquid Aniline 

Aniline is an organic compound with the formula C 6 H 7 N. It consists of a phenyl 
group attached to an amino group. It is a precursor to many industrial chemi¬ 
cals. We may estimate the specific heat of aniline with Kopp’s rule as 

3 

c p =^]iw p , atom =(6)(l2) + (7)(l8) + (l)(33) = 231kj/mol 
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TABLE 2.8 Kopp’s Rule for Elemental Contribution Values of the Atoms in 
Solid and Liquid States 


Atom 

Cp,atom 

Specific Heat of the Atom in 
Solid State (J/g atom K) 

Cp,atom 

Specific Heat of the Atom in 
Liquid State (J/g atom K) 

H 

9.6 

18 

B 

11 

20 

C 

7.5 

12 

O 

17 

25 

F 

21 

29 

Si 

16 

24 

S 

26 

31 

All the others 

26 

33 


Source: Adapted from Hurst JE, Harrison BK, Estimation of liquid and solid heat 
capacities using a modified Kopp’s rule. Chemical Engineering Communications 112, 
21-30,1992. 


Kopp’s rule provides only a rough estimate; c p of the liquid aniline is given in 
the literature as 191.1 kj/mol. 

Hurst and Harrison (1992) suggested a set of values for c patom and claimed 
that the specific heats of the liquids and the solids may be estimated gener¬ 
ally more accurately with their parameters. We will recalculate the specific heat 
of aniline after substituting c pC = 13.08 kj/mol K, c pIl = 9.20 kj/mol K, and 
c PtN = 30.19 kj/mol K: 

3 

Cp = Yj >'ato m c P ,a,o m = (6)(l3.08) + (7)(9.20) + (1)(30.19) = 173.1 J/mol 

i=i 

As it is seen here, Kopp’s rule gave a closer estimate of the experimentally deter¬ 
mined value of the c paniUne , but we may not claim a superiority of one method of 
estimation over the other one with such a small set of assessment. 


Kopp’s rule may be used to estimate the specific heats of numerous materials around the 
room temperature. The specific heat may also be related to temperature as c p = aT + bT 
constants of this empirical are available in the literature, as exemplified in Table 2.9. 

Group contribution method proposed by Chueh and Swanson (1973a,b) gives accu¬ 
rate estimates of the specific heats of the organic liquids at 293.15 K: 


Nj 

Cp riatomCp,atom T 18.33 X Hi 

1=1 
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TABLE 2.9 Constants of the Empirical Equation c p = a + bT for 
Components of Wood Solids When c p Is Expressed J/g K 


Solid 

a 

b 

oc-Cellulose 

-0.07146 

4.14 X 10- 3 

Lignin 

-0.25660 

3.22 X 10- 3 


Source: Adapted from Domalski, E.S. et al„ Thermodynamic data for 
biomass conversion and waste incineration, Solar Technical Information 
Program, U.S. Department of Energy, September 1986, available at http:// 
www.nrel.gov/biomass/pdfs/2839.pdf, accessed August 16, 2014. 


TABLE 2.10 Contributions of the Some of the Groups to the Specific Heat of the 
Biological Compounds 


Group 

Cp,g,oup (J/group K) 

Group 

Cp,group (J/group K) 

-ch 3 

36.82 

1 

20.92 


— C 


—CH 2 — (nonring element) 

30.38 

-COOH (acid) 

79.91 

—CH 2 — (ring element) 

29.94 

-nh 2 

58.58 

-OH 

44.77 




where m is the number of carbon groups requiring an additional contribution, 
which are those that are joined by a single bond to a carbon group, which in turn 
is connected to a third carbon group by a double or triple bond. If a carbon group 
meets this criterion in more than one ways, m should be increased by one for each 
of the ways. (Exceptions: CH 3 groups or carbon groups in a ring never require an 
additional contribution, and the first additional contribution for a -CH 2 - group 
is 10.46 J/mol K rather than 18.83 J/mol K. However, if the -CH 2 - group meets the 
criterion in a second way, the second additional contribution reverts to the 18.83 J/ 
mol K value.) Contributions of some of the groups to the specific heat are given in 
Table 2.10. 


Example 2.15: Estimation of the Thermodynamic Properties of Glucose 

(a) Specific heat of glucose (Example Figure 2.15.1) may be estimated by using 
Kopp’s rule by referring to the data presented in Example Table 2.15.1: 


IV 


■i,atom K ' p,atom,i 
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EXAMPLE FIGURE 2.15.1 The chemical structure of glucose. 


EXAMPLE TABLE 2.15.1 Kopp’s Rule for Elemental Contribution 
Values of the Atoms of in Solid and Liquid States 


Atom 

Occurrence in (C 6 H 12 0 6 ) 

uQ/molK) 

C 

6 

10.89 

H 

12 

7.56 

O 

6 

13.42 



c p = 236.6 J/mol K 


Source: Adapted from Green, D.W. and Perry, R.H., Perrys Chemical 
Engineers’ Handbook, 7th ed., McGraw-Hill, New York, 1997. 


Enthalpy of formation and the Gibbs free energy of formation of glucose 
are estimated with the group contribution method by using the data given 
in Example Table 2.15.2. 


A h° f = 68.29 nAh},i = 68.29-1216.3 = -1148.0 kj/mol 

i=l 


EXAMPLE TABLE 2.15.2 Estimation of the Enthalpy of Formation and Gibbs Free Energy of 
Glucose 


Group 
Number in 
the Figure 

Group 

Times of 

Occurrence 

in the 

Chemical 

Structure 

A hf (kj/mol) 

Ag° f (kj/mol) 

t 

-OH (ring) 

4 

-221.65 

-197.37 

2 

-OH 

1 

-208.04 

-189.20 


(alcohol) 




3 

CH 

5 

8.67 

40.99 

4 

-ch 2 - 

1 

-26.80 

-3.68 

5 

-O- 

1 

-138.16 

-98.22 



Total 

,1 

n 




^^nAhfj = —1216.3 kj/mol 

^ nAgf t i = —875.6 kj/mol 




i=l 

i=l 
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A g° f = 53.88-^«A^, f = 53.88-875.6 =-821.7 kj/mol 

i=l 

The use of the constants 68.29 and 53.88 are suggested by Joback and Reid 
(1987). 

(b) We will estimate the standard entropy of formation AS/ of glucose from 
the following expression: 

Agf = Ahf—TAs 0 f 

0 Ahf — Agf —1148.0 —(—821.7) 

Ast = — f - -i- L = -1.1 kj/mol K 

’ T 298 

The standard entropy of formation may be estimated with the following 
equation: 


As? 


iV 

S' 


f S compound J ft element, i$ element. 


where 

^compound is the ideal gas absolute entropy of the compound at 298 K 
and 1 atm 

n dement,i and Setma «, i are the number of times of the occurrence and the 
absolute entropy of the ith element in its standard state at 298 K. 

We may calculate s° mmpmn j after substituting the numbers in the following 
equation by using the data given in Example Table 2.15.3: 

N 

Scompound — ASf 4- ^elementsSelement,! ~ 1.1 + 10.6 9.5 kj mol K 


EXAMPLE TABLE 2.15.3 Estimation of the Absolute Entropy of the Elements of 
Glucose 


Molecule 

(Green and 
Perry, 1997) 

ft element, i 


(.^ element, i ) fa element ,!) 

c 

5.74 

6 

63.1 


h 2 

130.57 

6 

1240.4 


o 2 

205.04 

3 

922.7 

N 

( ft>element, 
i =1 

= 10,589 J/mol K 

= 10.6 kj/mol K 
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EXAMPLE TABLE 2.15.4 Standard Chemical Exergies of the Constituent Elements 
of Glucose 


Molecule 

(kj/mol) 
(Exergoecology 
Portal, 2013) 

^ element, i 

(&Xelement, i ) fa element ,!) 

c 

410.25 

6 

2461.5 

H 2 

236.10 

6 

1416.6 

o 2 

3.97 

3 

10.1 

N 

^' i (fti)(ex° chi J = 3888.2 kj/mol 

i=l 


(c) The standard chemical exergy of the glucose may be calculated by means 
of the exergy balance of a reversible formation reaction by following the 
same procedure by Szargut et al. (2005): 


1\ 

C= A g° f +'£( n ,){ex° kmi ) 


where 

ex° h is the standard chemical exergy of the compound 
A g° is the standard Gibbs energy of formation 

Hj is the number of the atoms of the ith element in the chemical formula 
N is the number of the different atoms 

ex° hl is the standard chemical exergy of the ith element as listed in Example 
Table 2.15.4. 

After substituting the data in the formula, we will calculate the standard exergy 
of glucose as 

N 

ex° h = AgJ+^(n j )(ex° .) = (-821.7)+ (3888.2) = 3066.5kj/mol 


Example 2.16: Estimation of the Specific Heat Capacity, Absolute Entropy, 
and Standard Chemical Exergy of Neisseria meningitidis Serogroup 
C Antigen (Subunit n-Acetylneuraminic Acid) 

Neisseria meningitidis produces serogroup C antigen, a polymer of 285 
repeating units of «-acetylneuraminic acid (Example Figure 2.16.1, 
C u H 19 N0 9 ). The chemical structure of «-acetylneuraminic acid is given in 
Figure 2.16.1. Since it has a sophisticated chemical structure, we will cal¬ 
culate its thermodynamic properties by employing the group contribution 
method (Degerli et al., 2015). 
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EXAMPLE FIGURE 2.16.1 The chemical structure of n-acetylneuraminic acid. 


(a) Estimation of the Specific Heat of n-Acetylneuraminic Acid and Serogroup C 
Antigen 

The contributing groups of the specific heat are its atoms. We will use Kopp’s rule 
with the specific heat of the atoms as suggested by Hurst and Herrison (Example 
Table 2.16.1) to calculate the specific heat of a repeating unit (C n H 19 N0 9 ): 


IV 


The specific heat of the antigen, for example, the total of the specific heat of the 
285 repeating units is 


IV 

■E 


p,antigen / ll repeating units'-p, repeating unit 


= (285) (403) 

= 114,855 J/mol -K 
= 115kJ/mol-K 


EXAMPLE TABLE 2.16.1 Atomic Specific Heats as 
Suggested by Hurst and Herrison 


Atom 

Occurrence in (C u H 19 N0 9 ) 

Cp.atomJ (J/mol K) 

C 

ii 

10.89 

H 

19 

7.56 

O 

9 

13.42 

N 

1 

18.74 



c p = 403 J/mol K 


Source: Green, D.W. and Perry, R.H., Perrys Chemical 
Engineers’ Handbook, 7th ed., McGraw-Hill, New York, 1997. 
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(b) Estimation of the Absolute Entropy s° ompmmi i of n-Acetylneuraminic Acid 
and Serogroup C Antigen 

Similar to the previous example, the standard entropy of formation is 
calculated as 


N 

ASf 5 compound t? element, i^elementj 

i=l 

And the standard Gibbs free energy of formation is 
Ag 0 f =Ah 0 f -TAsf 

Contributions of the first-order groups for the calculation of Ahf and Agf 
of n-acetylneuraminic acid are adapted from Marrero and Gani (2001) as 
described in Example Table 2.16.2. 

We will calculate Asy from the following expression: 

„ Ah°f-Ag°, —1638.9 —(1194.3) 

As? = —’ -AT =-- ’ = -1.5 kj/mol K 

; T 298 

The absolute entropy of the elements is given in Example Table 2.16.3. 

We may calculate s° ompouni i for n-acetylneuraminic acid after substitut¬ 
ing the numbers in the following equation: 

N 

compound ASf + Helement,i$ element,i 1.5 + 2.3 0.8 kj/mol K. 


EXAMPLE TABLE 2.16.2 Contribution of the First-Order Groups for the Calculation of 
Ahf and Agyas Suggested by Marrero and Gani (2001) 


Group 
Number in 
the Figure 

Group 

Times of 

Occurrence in 

the Chemical 

Structure 

A hf (kj/mol) 

Agf (kj/mol) 

i 

CH 3 CO 

i 

-180.604 

-120.667 

2 

COOH 

i 

-389.931 

-337.090 

3 

OH 

5 

-178.360 

-144.051 

4 

-o- 

1 

-137.353 

-114.062 

5 

NH (cyclic) 

1 

23.138 

72.540 

6 

—CH (cyclic) 

3 

-12.464 

6.107 

7 

-CH 2 (cyclic) 

1 

-18.575 

13.287 

8 

C (cyclic) 

1 

-2.098 

-0.193 

9 

-CH 

2 

-7.122 

8.254 

10 

-ch 2 

1 

-20.829 

8.064 




Ahj = -1638.9 kj/mol 

Agf = - 1194.3 kj/mol 
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EXAMPLE TABLE 2.16.3 Absolute Entropy of the Elements of n-Acetylneuraminic Acid 
and Serogroup C Antigen 


Molecule 

s°eiement,i (Green and 

Perry, 1997) 

ftelement, i 

element,i ) (ftelement,i ) 

c 

5.74 

u 

63.1 

H 2 

130.57 

19/2 

1240.4 

o 2 

205.04 

9/2 

922.7 

N 2 

191.50 

1/2 

95.8 

N 

(ft element,i ) ($ element, i ) 2.3 kj/mol K 

*=1 


Then, we may estimate s° ant j gm as 

$ antigen repeating units -) = (285)(0.8) = 228 kj mol K 

(c) Estimation of the Chemical Exergy of /i-Acetylneuraminic Acid and 
Serogroup C Antigen 

The standard chemical exergy of the n-acetylneuraminic acid may be 
calculated by means of the exergy balance of a reversible formation reac¬ 
tion by following the same procedure by Szargut et al. (2005): 

N 

ex °cH= A g° f +^(ni)(ex° krmMii ) 


where 

ex°h is the standard chemical exergy of the compound 
A g° is the standard Gibbs free energy of formation 
n , is the number of the atoms of the ith element in the chemical formula 
N is the number of the different atoms 

ex° hi is the standard chemical exergy of the ith element as listed in 
Example Table 2.16.4. 


EXAMPLE TABLE 2.16.4 Chemical Exergy of the Elements of n-Acetylneuraminic 
Acid and Serogroup C Antigen 


Molecule 

(kJ/mol) 

(Exergoecology 

Portal, 2013) 

^ element, i 

(fiXelement,i ) ( ft-element,i ) 

c 

410.25 

li 

4513 

H 2 

236.10 

19/2 

2243 

o 2 

3.97 

9/2 

18 

N 2 

0.72 

1/2 

0.4 

N 

^' (n i )(ex 0 chi ) = 6774.0 kj/mol 

»=i 
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After substituting the data in the formula, we will calculate the standard exergy 
of n-acetylneuraminic acid as 

N 

ex° ck = Ag° + ^(n, )(e<.) = (-1194.3) + (6774.0) = 5579.7 kj/mol 

i=l 

All the data are multiplied by the number of 285 repeating units to find the 
thermodynamic data: 

N 

ex=Y u n r^ i u„*ex: nurlil =(2851(5,579.7) = 1,590,215kj/mol 


Example 2.17: Calculation of the Enthalpy, Gibbs Energy, and Entropy of 
Formation of Octopine at 298 Kelvin and 100 kPa (1 Atmosphere) 
with the Group Contribution Method 

Octopine (C 9 H 18 N 4 0 4 z) functions in the muscle tissue of invertebrates, such as octo¬ 
pus, in a way analogous to that of lactic acid in the vertebrate tissues (Hockachka 
et al., 1977). Its molecular structure is sketched in Example Figure 2.17.1. 

(a) Calculation of the Enthalpy and the Gibbs Free Energy of Formation of 
Octopine at 298 K and 100 kPa (1 atm) 

The atomic group contributions in the structure of octopine are listed in 
Example Table 2.17.1. (Data adapted from Perry et al., 1997.) 

Enthalpy of formation and Gibbs free energy of formation at standard con¬ 
ditions (T = 298 K, and p = 100 kPa e.g., 1 atm) are calculated as (Green and 
Perry, 1997) 

Ag° f = 53.88 + ^\Agi 

i =1 

Ah° f = 68.29 + ^11, Ah, 

i=l 

Therefore, Agf i29S is found as -218.97 kj/mol and Ah°f, 29S is -601.13 kj/mol. 



EXAMPLE FIGURE 2.17.1 Molecular structure of octopine. 
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EXAMPLE TABLE 2.17.1 Atomic Group Contributions in the Structure of Octopine 


Group 
Number in 
the Figure 

Group 

Times of Occurrence 

in the Chemical 

Structure 

Ahf (kj/mol) 

Agf, group (kj/mol) 

i 

— COOH 

2 

-426.72 

-387.87 

2 

1 

— NH 

2 

53.47 

80.39 

3 

— ch 2 — 

3 

-20.64 

8.42 

4 

=c- 

1 

83.99 

92.36 

5 

— nh 2 

1 

-22.02 

14.07 

6 

— CH 

1 

2 

29.89 

58.36 

7 

1 

— ch 3 

1 

-76.45 

-43.96 

8 

= NH 

1 

93.70 

119.66 




N 

AHf — WoccuranceAh g WU p 

»=1 

N 

Agf — n occurance Ag group 

i= 1 




= -669.4 kj/mol 

= 272.9 kj/mol 


(b) Calculation of the Entropy of Formation of Octopine at 298 K and 
100 kPa (1 Atmosphere) 

We will calculate Asf from the following expression: 

„ Ah° f —Agf (-601.13)-(-218.97) 

As f = — L -'- ! — - ’ = -1.28 kj/mol K 

’ T 298 


The entropy of the compound can be calculated from the following 
equation: 


As 0 — C° 

J compound 


-Z 


M element, i$ element, i 


The calculation of the sum of the absolute entropy of the elements is 
given in Example Table 2.17.2. 

After substituting the numbers in the equation, we will obtain 

N 

$compound A Sf + ^ rieUment, iS°deme M , i = -1.28 + 2.02 = 0.74 kj/mol K 
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EXAMPLE TABLE 2.17.2 Sum of the Absolute Entropy of the Elements in the 
Structure of Octopine 


Molecule 

selement,i (Green and 
Perry, 1997) 

M element, i 

element,i ) (ftelement,i ) 

c 

5.74 

9 

51.7 

H 2 

130.57 

9 

1175.1 

o 2 

205.04 

2 

410.8 

N 2 

191.50 

2 

383.0 

N 

(ftelement,i ) (^element,i ) = 2021 J/mol K 
i=l 

= 2.02 kj/mol K 


(c) Estimation of the Chemical Exergy of Octopine 


ex 


0 

ch 


N 

i= 1 


where 

ex° hi is the chemical exergy of the compound at T = 298.15 K and 
p = 100 kPa (kj/mol) 

ex° ht is the absolute exergy of element i at T = 298.15 K and p = 100 kPa 
(kj/mol) 

N is the number of the different elements in the compound 
n , is the number of moles of element i in 1 mol of a compound 
Contribution of each group to the exergy of the structure is given in 
Example Table 2.17.3. 


EXAMPLE TABLE 2.17.3 Contribution of Each Group to the Exergy of the Structure 
of Octopine 


Molecule 

ex° u (kj/mol) 
(Exergoecology 
Portal, 2013) 

ftelement.i 

(eXelement, i ) (ftelement, i ) 

c 

410.3 

9 

3692.7 

H 2 

236.1 

9 

2124.9 

o 2 

3.97 

2 

7.9 

N 2 

0.72 

2 

1.4 

N 

^ (»i ) = 5827 kj/mol 

»=1 


Source: Data adapted from Szargut, ). et al.. Towards an international reference envi¬ 
ronment of chemical exergy, Elsevier Science, 2005, http://www.exergoecology.com/papers/ 
towards_int_re.pdf. 
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After substituting the numbers, we will have 


PI 

ex° ci = A g° +^(«i)( ex * i ) = “218.97 + 5827 = 5608 kj/mol 


Example 2.18: Estimation of the Thermodynamic Properties of Chitin 

Chitin (C 8 Hi 30 5 N)„ is a long-chain polymer found in the cell walls of fungi and 
of the exoskeletons of crabs, lobsters, and shrimps and insects. Its structure is 
depicted in Example Figure 2.18.1, and the enthalpy and the Gibbs free energy 
of formation of chitin are detailed in Example Table 2.18.1: 

Min* = 68.29 + ^jiiAhj 

i=l 

Ah° 29S = 68.29 + (-843.56) = -775.27 kj/mol 

Agas = 53.88 + fnAgt 
1=1 

Ag 298 =53.88+ (-451.49) = -397.61 kj/mol 

In order to find out the standard molar entropy, entropy of formation of chitin 
is needed (Example Table 2.18.2): 

„ Ah?-Ae? (-775.27)-(-397.61) 

As? =—’ -= v - ’ '-- = —1.27 kj/mol K 

; T 298 

The standard entropy of formation may be estimated with the following equation: 

N 

$ compound = As/ + ^ n demen f> iS° elemmtt j =-1.27 + 1.50 = 0.23 kj mol K 



EXAMPLE FIGURE 2.18.1 Structure of chitin and its contributing groups. 
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EXAMPLE TABLE 2.18.1 Calculation of the Enthalpy and the Gibbs Free Energy of Chitin 


Groups 

Number 

in the 
Figure 2 

Group 

Times of 

Occurrence 

in Chemical 

Structure 

group 

(kj/mol) 

Agf, group (kj/mol) 

i 

—CH 3 (nonring) 

1 

i 

-76.45 


-43.96 

2 

1 

— C =0 (nonring) 

i 

-133.22 


-120.50 

3 

—NH— (nonring) 

1 

i 

53.47 


89.39 

4 

1 

— CH (ring) 

1 

5 

8.67 


40.99 

5 

l 

—OH (ring) 

1 

-221.65 


-197.37 

6 

—O— (ring) 

1 

-138.16 


-98.22 

7 

—O— (nonring) 

1 

-133.22 


-105.00 

8 

—CH 2 — (nonring) 

1 

-20.64 


8.42 

9 

—OH (nonring) 

1 

-208.04 


-189.20 





-834.56 kj/mol 

N (A gf) = -451.49 kj/mol 


EXAMPLE TABLE 2.18.2 Calculation of the Absolute Entropy of the Chitin 


Molecule 

sL«i (Green and 
Perry, 1997) 

ft element,i 

^ $ element, i j ^ element, i ) 

c 

5.74 

8 

45.92 

H 2 

130.57 

13/2 

848.705 

o 2 

205.04 

5/2 

512.6 

N 2 

191.50 

1/2 

95.75 




^ $ element, i | ( W element, i ) J 




= 1503 J/mol K 


The standard chemical exergy of the chitin may be calculated by means of the 
exergy balance of a reversible formation reaction by following the same proce¬ 
dure by Szargut et al. (2005): 

N 

exl=Ag°+^(n i )(ex° krmMi ) 

i=i 

where 

A g°. is the standard Gibbs free energy of formation 

n j is the number of the atoms of the ith element in the chemical formula 

N is the number of the different atoms 

ex° chi is the standard chemical exergy of the ith element as listed in Example 
Table 2.18.3 
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EXAMPLE TABLE 2.18.3 Calculation of the Standard Exergy of the Chitin 


Molecule 

ex °, m , (kj/mol) 
(Exergoecology 
Portal, 2013) 

ft element, i 

^ element, i j ( ft element, i ) 

c 

410.25 

8 

3282.00 

H 2 

236.10 

13/2 

1534.65 

o 2 

3.97 

5/2 

9.93 

N 2 

0.72 

1/2 

0.36 




N 

^ (■ Hi ) () = 4826.94 kj/mol 
1=1 


After substituting the data in the formula, we will calculate the standard exergy 
of chitin as 


C = ) = (“ 397 - 61 )+ ( 4826 - 94 ) = 4429 ' 33 k J /mo1 


2.6 Thermodynamic Properties of Mixtures 

Almost all actual systems are mixtures. An ideal mixture is defined as a mixture with 
zero enthalpy and zero volume of mixing. The closer these properties to zero, the more 
ideal the behavior of the mixture becomes. The ideal mixture assumption is valid if the 
chemical structures of the species in the mixture are similar. With similar chemical 
structures, attractive and repulsive forces between the molecules of the substances in the 
mixture would be comparable. Thus dh mix = 0. Mixtures of species with different chemi¬ 
cal structures are called real mixtures with dh mix ^ 0 and dv mix # 0. 


Example 2.19: Total Volume after Mixing Balls of the Same and 
Different Diameters 

If we mix balls with the same diameter, then the final volume would be the sum 
of the original volumes (Example Figure 2.19.1). 

Analogically, if we mix gases with similar chemical properties, then the 
extensive properties of the mixtures can be calculated as the sum of the exten¬ 
sive properties of the species. Therefore, any solution property, M, may be 

related with those of the partial properties, Mi, as M = M i where the volume, 

v; internal energy, u; enthalpy, h; entropy, s; or Gibbs free energy, G, may be 
substituted for M. Such mixtures are ideal mixtures. 

In Figure 2.19.2 on the right-hand side, we fill the volume Vj with larger balls, 
in a way that we cannot fit any more balls to the circle. Then, we add smaller 
balls of volume V 2 > since the smaller balls will fit into the empty spaces between 
the larger balls, in such a way that V 1 + V 2 = V,. 
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EXAMPLE FIGURE 2.19.1 Mixing of the balls with the same diameter. 


+ 


Vi 

EXAMPLE FIGURE 2.19.2 Mixing of the balls with larger diameter with the 
balls with smaller diameter. 

When we mix two fluids with fundamentally different chemical structures, 
we observe that their thermodynamic properties will change in a way that their 
final property will actually be different than the sum of the pure chemical prop¬ 
erties. Such mixtures are nonideal or real mixtures. 

In a similar way, we may also visualize the increase of the entropy upon mixing 
two pure compounds: 




Example 2.20: Entropy of Mixing 

When we mix pure molecules of X located in 5 x 6 sites and pure molecules 
of 0 located in 2 x 6 sites, we will obtain 7x6 sites to locate the molecules as 
described in Example Figure 2.20.1. 

Upon mixing entropy increases, we may calculate it with Boltzmann’s equa¬ 
tion. In Chapter 1, Boltzmann’s equation was given as 

s = -k B y'pdnp i 


For an ideal gas, this equation can be simplified as 
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EXAMPLE FIGURE 2.20.1 Schematic description of mixing of chemicals o and X. 
(a) Solution of the chemicals X, (b) solution of the chemicals o, and (c) Mixture of 
the solutions of the chemicals o and X. 


where Q. is the thermodynamic probability. Then for this system, 

As = k B [in (Q,) + ln(O 0 - k B [in (fl, ) + ln(fi 0 

= (l.38xlO” 23 kJ/K)|[ln(42 7 ) + ln(42 3 )J-[ln(30 7 ) + ln(l2 3 )]| 

= [l.38xl0^ 23 kJ/K)[[71n(42) + 31n(42)]-[7ln(30) + 3ln(l2)]| 
= 8.45xlO -23 kJ/K 


where 

k B = 1.38 x 10 -23 J/K is Boltzmann’s constant 

Q. 0 (number of microstates available) numberof0s is the number of the micro¬ 
states available in a macrostate for arranging the Os (a similar expression 
is also written for Xs) 


Example 2.21: Calculations with Ethanol-Water Mixtures 

Volume change upon mixing of ethanol and water is depicted in Example 
Figure 2.21.1. Density of water and ethanol at 25°C are 997.1 and 785.2 kg/m 3 , 
respectively. 
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Xethanol 


EXAMPLE FIGURE 2.21.1 Specific volume of ethanol water mixtures is always 
less than the sum of the pure component. (Data taken from Dortmund data bank; 
T = 25°C; x ethano i is the mole fraction of ethanol in the mixture.) 


(a) Calculate the amounts of ethanol and water to obtain 2 L of 30% ethanol 
and 70% water mixture (mole percentages) at 25°C. 


1 1 

( i 3 

\( 0.018 kg 3 

V water 

P water 

^997.1 kg/m 3 j 

\ lmol t 


= 1.8x10 5 m 3 /mol 


V ethanol 


1 

r i ii 

' 0.046 kg 3 

P ethanol 

v 785.2 kg/m 3 } 

v 1 mol t 


= 5.9x10 5 m 3 /mol 


Vcompounds {^water^ water % ethanol^ethanol ) 

= (0.70)|l.8xl0 -5 m 3 /molj + (0.30)(5.9xl0" 5 m 3 /mol) 
= 3.0xl0~ 5 m 3 /mol 


This is the total volume of the compounds, without the effect of the vol¬ 
ume change upon mixing. Data given in Example Figure 2.21.1 state that 
the percent volume decrease in the mixture is 


V mixture r compounds ( 1.13 cm /mol) 

Vcompounds (3.0 x 10~ 5 m 3 /mol) 


v 10 6 cm 3 j 


(100) = -3.8% 
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Therefore, we should prepare (2 L)(l + 0.038) = 2.08 L of mixture to com¬ 
pensate for the decrease of the volume. The total number of the moles of 
the mixture therefore should be 


n total 


2.08 L 3 

lm 3 'l 

^3.0xl0~ 5 m 3 /mol 

1000 L J 


= 69.3 mol 


Voter = ( 0 ' 70 )K“'H 0 - 70 ) (69.3) = 48.5mol 
m water = ( 48 - 5 mol )( 18 g/mol) = 873 g 
n ethanol = ( 0 - 30 ) (*w) = (0.30) (69.3) = 20.8 mol 
m ethanol = (^0.8 mol ) (46 g/1 mol) = 956.8 g 
V ( = (20.8 mol) (5.9xl0 -5 m 3 /mol)(l00cm/1 m) 3 = 1227cm 3 
V wa ter =(48.5mol) (l.8xl0~ 5 m 3 /mol)(l00cm/1 m) 3 =873cm 3 


We should add 1227 cm 3 ethanol to 873 cm 3 water to obtain the required 
solution. 

(b) Alcohol content of wine is expressed in volume percentage. Calculate the 
mole fraction of ethanol in a wine containing 12% ethanol. 

If we neglect the contribution of soluble solids, then wine is produced by 
adding 12 cm 3 of ethanol to 88 cm 3 of water. 

pwater = 997.1 kg/m 3 = (997.1 kg/m 3 )(l mol/0.018 kg) = 55,388 mol water/m 3 

pethanol =785.2 kg/m 3 =(785.2 kg/m 3 ) ^ m °^ =17,070 mol ethanol/m 3 

v \ 0.046 kg J 

The volume fraction of ethanol in the mixture is (12 cm 3 ethanol)/(12 cm 3 
ethanol + 88 cm 3 water); we may calculate its molar fraction as 

(12 cm 3 ) (17,070 mol ethanol/m 3 ) (m 3 /10 6 cm 3 ) 

(12 cm 3 )(17,070 mol ethanol/m 3 )(m 3 /10 6 cm 3 )+(88cm 3 )(55,388mol water/m 3 )(m 3 /10 6 cm 3 ) 

0.21 mol ethanol 

-= 4 mol% 

0.21 mol ethanol + 4.87 mol water 


implying that x ethanol = 0.04. 
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(c) If 1000 L of wine with x ethanoI1 = 0.02 is mixed with 2000 L of wine with 
x ethanol ,2 = 0.05, what is the total volume of the mixture? We still assume 
that wine is a mixture of water and ethanol only. 

(i) With the wine that has x ethanoU1 = 0.02v compoundsd , then 

Vcompounds % water,water,\ % ethanol, 1^ ethanol,! 

= (0.98)(l.8xl0" 5 ) + (0.02)(5.9xl0“ 5 ) 

= 1.9xl0 -5 m 3 /mol = 19.0cm 3 /mol 


and 


V mixture rcompounds 0-1 Cm /mol 


Therefore, after mixing the compounds, we will have 
Vmixture = 19.0- 0.1 = 18.9cm’/mol 


In 1000 L of wine, we will have 


(1,000 L) 


' 1,000 cm 3 ^ 

j | 

mol 

l 1L , 


v 18.9 cm 3 p 


= 52,910 mol 


Then n water = (52,910) (0.98) = 51,852 mol of water and n ethanol = (52,910)- 
(51,852) = 1,058 mol of ethanol. 

(ii) With the wine that has x ethanoh2 = 0.05v compoundsa , then 


V compounds % water, 2^ water,! % ethanol, 2^ ethanol, 2 

= (0.95)(l.8xl0' 5 ) + (0.05)(5.9xl0“ 5 ) 
= 2.0 xlO' 3 m 3 /mol = 20.0 cm 3 /mol 


and v mixUire —v compounds = - 0.13 cm 3 /mol; therefore, after mixing the com¬ 
pounds, we will have v mlxture = 20.0—0.13 = 19.9 cm 3 /mol. 

In 2,000 L of wine, we will have 


(2,000 L) 


' 1,000 cm 3 ' 

mol ) 

l 1L J 

^ 19.9 cm 3 J 


= 100,502 mol 


Then n water = (100,502)(0.95) = 95,477 mol of water and n ethanol = 
(100,502)- (95,477) = 5,025 mol of ethanol, 
iii. We will add up the number of the moles of water coming from both mix¬ 
tures to find out the number of moles of water and ethanol in the final 
mixture: 


nwater = 51,825 (from 2% solution) + 95.477 (from 5% solution) 
= 147,302 mol 
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Hethanoi = 1058 (from 2% solution) + 5025 (from 5% solution) 
= 6083 mol 

then we calculate mole fraction of ethanol in the mixture as 

x ethano , =--= 0.04 

n„ate, + nahmol (l47,302) +(6,083) 

With 4.0% ethanol, v compounds is 


V compounds ^ water ^ water % ethanol^ethanol 

= (0.96)(l.8xl0" 5 ) + (0.04)(5.9xl0' 5 ) 
= 1.96xl0 -5 m 3 /mol = 19.6cm 3 /mol 


f mixture Vcompounds 0.19 Cm /mol 

therefore, after mixing the compounds, we will have 
r mixture = 19.6 - 0.19 = 19.4 cm 3 /mol 


and the total volume of the mixture will be 

l 3 mixture Vmixture ^mixture 


= (l9.4 cm 3 /mol)[(l47,302)+ (6,083)] 
= 2,975,669 cm 3 =2,976 L 


We mixed together 1000 + 2000 = 3000 L of wine and obtained 2976 L 
mixture. 

(iv) When we mix two substances, rearrangement of the molecules in the 
mixture may lead to generation or consumption of heat, which is referred 
to as the heat of mixing. If the mixture absorbs heat from the environ¬ 
ment, the process is called endothermic mixing, and if heat is released 
upon mixing, the process is referred to as exothermic mixing. Calculate 
the heat that would be released while preparing 3,000 L of wine by mix¬ 
ing 6,083 mol of pure ethanol with 147,302 mol of pure water by using the 
data given in Example Figure E.2.21.2. 

It is already calculated that when we mix 147,302 mol of water and 
6,083 mol of ethanol, we will have 2,976 L of mixture, and we read from 
Example Figure 2.21.2 that A h mlxing = —350 J/mol. Then, we will calculate 
the total heat released as 


(-350 J/mol) (6,083 mol +147,302 mol) 


f 3,000] 

r 1 mj ] 

^2,976 J 

[io 6 jJ 


= - 53.7 MJ 


implying that 53.7 MJ of heat is released upon mixing water and ethanol. 
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■Xethanol 


EXAMPLE FIGURE 2.21.2 Mixing enthalpy of water and ethanol at 25“C. 
(Data taken from Dortmund data bank; T = 25°C; x ethanol is the mole fraction of 
ethanol in the mixture.) 


(v) Calculate the entropy of mixing of 147,302 mol of water ( T water = 6°C) and 
6,083 mol of ethanol (T ethanol = 8°C). 

There are three things going on here. First, there is an entropy change 
associated with equilibrating the temperatures of the two solutions. 
Second, there is an entropy change associated with the heat released 
upon mixing of water and mixing, and third, there is entropy generation 
upon mixing of the two liquids. First, we will calculate the equilibrium 
temperature of the combined system: 


Aq = 0 = n. 


water v water 


(r„ 


r ) ft ethanol Cethanol ( Tmi 


? — T-d 


and then we may calculate T mixture as 


n water ^ water 


Twater "t" ft ethanol C ethanol ol 


ftwater C water ""l - ft ethanol Cethanol 


We may estimate the specific heats of liquid water and ethanol with Kopp’s rule as 
£ water ftHydrogen ^p,Hydrogen ftOxygen Cp,Oxygen (17.97^ + ^ 1 ^ 25 . 08 ^ 61.02 J/mol K 
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Cethanol Carbon Cp, Carbon ^Hydrogen Cp,Hydrogen "t" ^Oxygen Cp,Oxygen 

= (2)(ll.70) + (6)(l7.97) + (l)(25.08) 

= 156.3 J/molK 


After substituting the numbers in equation we will have 

_ (147,302 mol)(61.02 J/mol K)(279 K) + (6,083 mol)(l56.3 J/mol K)(281 K) 
(147,302 mol)(61.02 J/mol K) + (6,083 mol)(l56.3 J/mol K) 

Tmixture = 279.1 K 


Entropy generation associated with temperature change of each chemical is 

j* Tfitial 

As = n I cdT/T, and the total of water and ethanol upon mixing is 

* 1initial 


ASt- change ^5 T-change-water ASt- change-ethanol 


M waterC water 


”1“ ft ethanol^-ethanol In 


and after substituting the numbers, we will have 

As T - c ha n g e =(l47,303mol)(61.02 J/mol K)ln[^ 

+(6,083 mol) (156.3 J/mol K)ln f 


( 279.1 
279 


'279.1 
. 281 


As T . change = 3231 - 6450 = -4119 J/K 


As 


T-change 


4,119 J/K 

(147,303 + 6,083) mol 


= -0.027 J/mol K 


Entropy generation due to the heat generation upon mixing for x etha „ 0 i = 0.293 
(read from Example Figure 2.21.2) is 


ASh e at 


generation 


A h ■ • 
T 

-*• mixing 


(- 53.7 MJ/mol) 
279.1 K 


= 0.19 MJ/mol K 


It was explained in Section 1.7 that the entropy of an ideal gas may be calculated 
with Boltzmann’s formula as 


s = k B ln(fi) 
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where k B = 13 x 10 -23 J/K. Boltzmann’s equation may be adapted to calculate the 
entropy of mixing of two ideal liquids as 


mixing k B ( n water + tl ethanol j ^ -t-wti/er In ( x water ) + •X ethanol ^ ( Xethanol ) J 


where 

v _ ft-water 

Xwater 

Xwater ft ethanol 

ft ethanol 

Xethanol 

ft-water ft-ethanol 


Upon mixing of 147,303 mol of water with 6,083 mol of ethanol, we will have 
x water = 0-04 and x ethano i = 0.96, and after substituting the numbers in the equa¬ 
tion, we will have 

As™g-13xl0“ 23 (l47,303 + 6,083)[(0.04)ln(0.04) + (0.96)ln(0.96)] 

= -3.3xl0~ 18 J/K 

The total entropy change in this process is 

total ASt- change A Sheat generation ”1“ mixing 

Asatai =(-4179 J/molK) + (0.19MJ/molK) + (-3.3xl0' 18 J/mol K) = 0.19 MJ/mol K 

2.7 Thermodynamic Properties of Biochemical 
Mixtures under Physiological Conditions 

Metabolic processes occur in cells, which involve mixtures of numerous metabolites. We 
can consider metabolic fluids (such as blood, extracellular fluid) as mixtures and calculate 
the thermodynamic properties of mixtures based on the properties of individual chemicals 
that make up this mixture. The enthalpy, entropy, and Gibbs free energy of the individual 
chemicals have to be evaluated under the physiological conditions. Tables 2.3 and 2.4 list 
Afy and A^of various chemicals under standard conditions and under physiological con¬ 
ditions, respectively In many engineering processes, standard conditions are taken as the 
reference. Under standard conditions, p = 1 atm, T = 25°C. In biochemical processes, in 
addition to temperature and pressure, pH and ionic strength (I) also play important roles. 
By changing pH and/or 7, rates of the biochemical reactions may change dramatically and 
metabolism may undergo a different pathway Therefore, in biochemical systems, in the 
calculation of Ah f and A gp the effect of pH and I must be taken into account. 

Alberty (2004a,b) defined the thermodynamic properties of metabolites undergo¬ 
ing biochemical processes under physiological conditions as transformed properties 
and denoted those with the superscript T to distinguish these from the properties at the 
standard conditions. The transformed properties are calculated based on the properties 
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under standard conditions using the Van’t Hoff equation and the extended Debye-Hiickel 
theory. The transformed enthalpy of formation of the biochemical species i is defined as 


Ahf,i = A h% 


RT 2 fi(T)l h 
1 + BI 112 


[zf-riHj'j 


where 

P(T) is a function of temperature 
z is the valence 

n H is the number of the H + atoms 
B is an empirical constant 


The transformed Gibbs free energy of formation of the biochemical species i is defined as 


A gh 


y A sh 

to 


+ 1 —: 


A hi - 


RTa(T)l h 
1 + BI m 


■(zf - n Hti 'j - n H jAg° H t +2.303 n Hti RTpH 


where a(T) is a function of temperature. Note that in the biochemical reactions, H + is 
not balanced, because the cellular fluid acts as a buffer for H + . In the cell, at constant pH, 
different valences of some chemical species coexist as a mixture. Alberty uses the term 
pseudoisomers to define the various forms with different valences of the same species. 
For example, at pH = 7.0, ATP has three pseudoisomers, ATP 4- , ATP 3- , and ATP 2- , 
which coexist in equilibrium. Therefore, the standard Gibbs free energies of these spe¬ 
cies are calculated as (Alberty, 2004a,b) 


A gfr =-RT In exp 

h i 


Mi 

RT 


where 

j is the subscript representing the pseudoisomers 
N isamer is the total number of the pseudoisomers 


Some of the glycolytic enzymes, such as hexokinase and phosphofructokinase, are acti¬ 
vated by binding ions, and then the enzyme-substrate complex is formed. Therefore, 
concentration of the ions like Mg 2+ , K + , Na + , and Ca 2+ changes the thermodynamic state; 
hence, the enthalpy and Gibbs free energy values of the metabolite change. The effect of 
the Mg 2+ ion on standard transformed Gibbs energy of formation is calculated as 

A gj,i,Mg — ~ n i,Mg\_ A g°f,M g2 + +2.303 RT\og(c Mg2+ ) J 


Similar equations are established also for K + , Na + , and Ca 2+ . The general formula to 
calculate standard transformed Gibbs energy of formation is 


A gh 




RTa(T)l m / 2 

1 + BI 112 3Z ' 


— Mff.i 


) 




;=i 


j=N 

+ 2.303^^ n Mti RTpMj 

j=i 
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where M y ( 1 < j < N) represents all the ions present in the system. At 298.15 K, 
values of the standard Gibbs free energy of formation are Ag°(H + ) = 0 kj/mol, 
Ag°f ( M g 2+ ) = -455.11 kj/mol, Ag°(K + ) = -283.45 kj/mol, Ag°(Na + ) =-262.06 kj/mol, 
and Ag“(Ca 2+ ) =-553.91 kj/mol (Weast and Astle, 1985). 

The chemical exergy of the metabolite i under the physiological conditions can be 
calculated as a sum of its transformed Gibbs free energy of formation and the standard 
chemical exergy of the elements found in the structure of this metabolite: 


&Xch,i 


Nelements 

Ag/i i + VkeXch'k 

k-l 


where 

ex° chk is the standard chemical exergy of the kth element 
N e i emenU is the total number of elements that make up the metabolite 

Since mixing is an irreversible process, exergy of a metabolite i decreases as its con¬ 
centration decreases. The decrease in a metabolites exergy due to mixing can be 
calculated as 


exi =RT In 



The total concentration of the cellular components is c, = 1. 
Thus, the total exergy of the metabolite i is 


e Xi (T, I, pH, c iiSystem ) = j- A g f . 


/ 

t- 


A h f 


Effect of temperature 

RTa(r)l 112 


1 +BI m 




Effect of ionic strength 


-» H,i A g°f,H* + 2.303n w RTpH 

Effect of pH 

N. , 

elements 

+ Yj v A x °ch,k 
k= i 

V Y 

Chemical exergy of elements 

+ RT\n(c i' S y S!;em ) 


-Y- 

Effect of dilution 
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Example 2.22: Calculation of the Standard Gibbs Free Energy of ATP 
in a Dilute Aqueous Solution 

Under the physiological range of pH, ATP appears in a cell as ATP 4- , ATP 3- , 
and ATP 2- . Thus, the concentration of ATP is 

CATP — C ATP i ~ + C HATP i ~ + C H 2 ATP 1 ~ 


The standard Gibbs free energy of formation is calculated in the following 
expression (Table 2.23.1): 


A gb 


-RT In 


exp 

V v 


' A g ° A1 


RT 


+ exp 


' A g% 


RT 


+ exp 


' A ^ 7 




RT 


-2838.19 kj/mol 


Example 2.23: Transformation of the Gibbs Free Energy of Formation 
of Glucose from the Standard Conditions to the Physiological 
Conditions Prevailing in a Cell 

Under the standard conditions (temperature = T 0 , concentration = 1 M, 
p = 1 atm), the Gibbs free energy of formation A gf is given as 

Ag}, ^(298.15 K,latm) = -915.90 kj/mol 

The physiological conditions prevailing in a cell are T = 310.15 K, pH = 7, and 
ionic strength I = 0.18 M. Gem; et al. (2013a) calculated the difference between 
the Gibbs free energies of formation of glucose at the standard physiological con¬ 
dition (Ag 1 ) and the standard conditions by employing the following expression: 

A g T = —A glucose +|^-— jA/t/.gkcose 

(zf-n HJ )-n H „A g 0 H+ +2.303 n H RTpH 

1 + JDl v ' 


EXAMPLE TABLE 2.23.1 Data for Dilute Aqueous Solutions 
at 298.15 K and Zero Ionic Strength 



A g° (kj/mol) 

A hj (kj/mol) 

z { 

n H,i 

ATP 4 ' 

-2768.1 

-3619.21 

-4 

12 

ATP 3 ' 

-2811.48 

-3612.91 

-3 

13 

ATP 2 ' 

-2838.18 

-3627.91 

-2 

14 


Source: Adapted from Alberty, R.A., Thermodynamics of Biochemical 
Reactions, John Wiley & Sons, Hoboken, NJ, 2003. 



134 


Biothermodynamics: Principles and Applications 


The effect of temperature to Gibbs free energy is employed. The following expres¬ 
sion shows thermodynamic values of glucose under the standard conditions (tem¬ 
perature (T 0 ) = 298.15 K in a dilute aqueous solution at zero ionic strength,/) = 1 atm), 
the Gibbs free energy of formation of glucose (Ayy g i ucose = -915.90 kj/mol), and 
enthalpy of formation (A h^ g n la , S e = -1262.19 kj/mol) taken from Alberty (2003): 




+ 



Ah 


o 

/, glucose 


effect of temperature 


298.15 

310.15 


(-915.90) + 



298.15 

310.15 


(-1262.19) 


= -901.96 


The coefficient RTa{T) (kj mol -3/2 kg 1/2 ) in the equation for the transformed 
Gibbs free energy of formation of a species is estimated: 

RTa(T) = 9.2043 x 10“ 3 T -1.28467 x 10~ 5 T 2 + 4.95199 x 10“ S T 3 


The effect of ionic strength (I = 0.18) is employed. Where Z{w is the valence of 
glucose and n H is the number of moles of the H + atoms, respectively, B is an 
empirical constant (1.6 L Vl mol _1/2 ) and A g° H . is the Gibbs free energy of forma¬ 
tion of the H + atom: 


_RTa(T)l m , 2 

f 1 + BI m { Zglucose ~ 

effect of ionic strength 

_ 3.09651(0.18) 1/2 (q2 _ 12 
1 + B(0.18) 1/2 v 

= -9.39 


n H , g lm 


The effect of pH (pH = 7) is employed where A H+ is the Gibbs free energy of 
formation of the H + atom, n H is the number of moles of the H + atoms, and R 
is the gas constant: 


— H,glucose^Sf,H* 2.303 ))R l pH 

effect of pH 

= -12(0) + (2.303)(12) (8.31451/1000)(310.15)(log (10)“ 7 ) 

effect of pH 


= -498.774 


effect of pH 


After substituting the numbers in this expression, they obtained 
Agf. glucose = -393.80 kj/mol 
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Example 2.24: Calculation of the Exergy of Glucose under 
the Physiological Conditions Prevailing in a Cell 

The standard chemical exergy of glucose {ex l ^ g i umse 'j is calculated from its 
elements as 

6C + 6H 2 +30 2 ->C 6 H 12 0 6 

€%ch, glucose = 6ex° cht c +6»d,H 2 +3ex3,,02 

expose ={ 6)(410.26) + 0 + (3)(3.97) 
ex° cK glucose =2473.47 kj/mol 

When concentration of glucose in a cell is 1.2 mM and that of the solution under 
standard conditions is 1 M, the concentration effect will be 

ex co „c=RT\n( Ceh,c ° se ' sys, ‘ m ) 

V C standard J 

ex wnc = (8.31451— - —1000)(310.25 K)ln — 
molK V 1 y 

ex conc = -17.34 kj/mol 

We will add up all the terms to calculate the exergy of glucose in the cell as 

exgi ucose A gl glucose eX c }, + €X conc 

eXgi ucox = -393.80 + 2473.47 + -17.34 = 2062.33 kj/mol 


Example 2.25: Transformation of the Enthalpy of Formation 
of Glucose from the Standard Conditions to the Physiological 
Conditions Prevailing in a Cell 

Under the standard conditions (temperature = T 0 , concentration = 1 M, 
p = 1 atm), the enthalpy of formation Ah} of glucose is given as 

Ah},g lucose (298.15 K,1 atm) = -1262.19 kj/mol 

The physiological conditions prevailing in a cell are T = 310.15 K, pH = 7, and 
ionic strength I = 0.18 M. The transformed enthalpy of formation under the 
physiological conditions for glucose is defined as 


A h f gin C0 S e " 


■ A hf t glucose 


RT 2 fi(T)l h 
1 + BI m 


[ z glu cose ~ n H,glu cose ^ 
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where 

HT 2 p(r) = -1.28466T 2 10~ 5 + 9.90399T 3 10“ 8 

=-1.28466(310.15) 2 10 -5 + 9.90399(310.15) 3 10" 8 
= 1.71903 

In this equation, z, is the valence of glucose, n H is the number of moles of the 
H + atoms, B is an empirical constant (1.6 V A mol -1/2 ), and All” H+ is the standard 
enthalpy of formation of the H + atom: 

HT 2 (^)pI 1/2 

= 1 + BI V1 _ n H, glucose ) 

effect of ionic strength 

_ 1.71903(0.18) 1/2 (q2 _ 12 \ 

1 + 1.6(0.18) 1/2 V > 

= -5.2131 

The transformed enthalpy of formation is 

=-1262.19-5.21 
=-1267.40 kj/mol 


Raoult’s law and Henry’s law and a correlation (Antoine’s equation) are used frequently 
in conjunction with the phase equilibria in mixtures. Schematic description of the vapor 
phase, which is in equilibrium with its vapor, is given in Figure 2.5. 

At equilibrium, total vapor pressure of the vapor mixture is calculated as 

m 

Prca, =X X,/)Sa ' 

;=1 

where pf f and x t are the vapor pressure of the pure component i and its mole fraction in 
the liquid mixture, respectively. 



FIGURE 2.5 Schematic description of vapor and liquid phases at equilibrium. 
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It should be noticed that pf“ changes with temperature and must be calculated at the 
same temperature as pr„ ta i- We may use the Antoine equation to predict the saturated 
vapor pressure of pure components as 

ln(p 50f ) = A- — 

1 ' T + C 


where 

A, B, and C are constants (Table 2.11) 

T is temperature in °C 

P sat is the saturation vapor pressure in kPa 

When the «th component of the system is gas, then Henry’s law is used instead of 
Raoult’s law: 


n-1 

pTotal — ~^_ J X ip Sa> i + H X n 
i—l 

where, H is the Henry’s constant (Table 2.12). At room temperature, a gas will always be in 
the gaseous state, however vapor may co-exist in both liquid and vapor phases. 


TABLE 2.11 Constants of the Antoine Equation for Some Biologically Important 
Chemicals ln(p“") = A— (BIT + C) (temperature T is in °C) 



A 


B 

C 

Temperature Range (°C) 

Acetic acid 

l 15.0717 


3580.80 

224.650 

24-142 

Ethanol 

16.8958 


3795.17 

230.918 

3-96 

Methanol 

16.5785 


3638.27 

239.500 

-11-83 

Water 

16.3872 


3885.70 

230.170 

0-200 

Source: Smith, J.M. et al., Introduction to Chemical Engineering Thermodynamics, 7th ed., 
McGraw Hill, New York, 2005. 

TABLE 2.12 Henry’s Law Constants for Solubility of Gases in Water at Low to 
Moderate Pressures H (kPa) 


17°C 

27°C 

37°C 

47°C 

57°C 67°C 

Air 

62 x 10 5 

74 x 10 5 

84 x 10 5 

92 x 10 5 

99 x 10 5 104 x 10 5 

co 2 

12.8 x 10 4 

17.1 x 10 4 

21.7 X 10 5 

27.2 x 10 5 

32.2 x 10 5 

o 2 

38 x 10 5 

45 x 10 5 

52 x 10 5 

57 X 10 5 

61 x 10 5 65 x 10 5 

n 2 

76 x 10 5 

89 x 10 5 

101 x 10 5 

110 x 10 5 

118 x 10 5 124 x 10 5 


Source: Adapted from Cengel, Y.A. and Boles, M.A., Thermodynamics: An Engineering 
Approach, 7th ed., McGraw-Hill, Boston, MA, 2007. 

Note: Henry’s law is expressed as P = Hx, where partial pressure P is in Pa and x is in 
mole fractions. 
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Example 2.26: Calculation of the Composition of the Vapor Phase 
in Equilibrium with the Liquid Phase of Known Composition 

An alcoholic drink contains 12 mol % ethanol in the liquid phase, and the rest 
may be assumed as water (Example Figure 2.26.1). Calculate the mole fractions 
of ethanol and water in the vapor phase at 8°C. 

Ethanol-water mixture obeys Raoult’s law. We may use the Antoine equation 
to predict the saturated vapor pressure of ethanol and water as 


ln(p iaf ) = A- 


B 

T + C 


where 

A, B, and C are constants 

T is temperature in °C 

P sat is the saturation vapor pressure in kPa 


We will read from Table 2.11 that A = 16.3872, B = 3885.70, and C = 230.170 for 
water. After substituting the constants in the Antoine equation, we will calculate 
Pwlter = 1-075 kPa. Antoine equation constants for ethanol are A = 16.8958, B = 
3795.17, and C = 230.918, and then we will calculate paLmt =2.748 kPa. Partial 
pressures of water vapor and ethanol in the vapor phase are P water = %water P water 
(0.88)(l.075) = 0.94kPa and p ahmol =x ahaml pSL m i =(0.12)(2.748) = 0.33kPa, 
and then we may calculate fractions of water and ethanol in the vapor phase as 


and 


jW (0-94 kPa) 

^ pTotai (0.94 + 0.33) kPa 

_ Pethimol _ (0.33 kPa) 

Pr ml “(0.94 + 0.33)kPa U " 



EXAMPLE FIGURE 2.26.1 Schematic description of the ethanol and water mix¬ 
ture vapor and liquid phases at equilibrium. 
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(b) Solve this problem once more by assuming that the liquid phase contains 
14% inert solids, for example, sugars and chemicals, providing aroma 
and color. 


W=(0.88)^ 1 ° i ° oo 14 j = Q.76 

and 

x ato „ oi =(0.12)^ 1 °° oo 14 j = 0.10 

and then we may calculate the saturation pressure of each component as 
fW = p:tr= (0.76)(1.075) = 0.82 kPa 


Pethanol = Xethanol PeSfanol~ (0.10)(2.748) - 0.28 kPa 


and then we may calculate fractions of water and ethanol in the vapor 
phase as 


and 


y water 


jW = (0-82 kPa) 

pTotai (0.82 + 0.28)kPa 


y ethanol 


Pethanol _ (0.28kPa) 

pTotai (0.82 + 0.28)kPa 


Example 2.27: Calculation of the Composition of 
the Phases in a Carbonated Beverage with Henry’s Law 

(a) Carbonated beverage contains C0 2 (H = 9.9 10 7 Pa) dissolved in water. 
Determine composition of the vapor and liquid phases in a sealed con¬ 
tainer at 10°C. 

We will make trial-and-error solution, after assuming that Xco 2 =0.01. 
In the liquid phase, we have x„ at „ + x COl :s 1; a similar equation is valid in 
the vapor phase as y„ at er + yco 2 = 1. We may use the Antoine equation to 
predict the saturated vapor pressure of water as 

In (p sa, ) = A - — 

v ’ T + C 


where 

A, B, and C are constants 

T is temperature in °C 

P sat is the saturation vapor pressure in kPa 



140 


Biothermodynamics: Principles and Applications 


We will read from Table 2.11 that A = 16.3872, B = 3885.70, and C = 230.170. 
After substituting the constants in the Antoine equation, we will calcu¬ 
late plater =1-23 kPa. 

In the vapor phase, we have 

Pw=Wpr fer +x CO2 H = (0.99)(l.23) + (0.0l)(990xl0 2 ) = 991.2kPa. 


Since we have y water pTomi = x„ at erpwLr, we may calculate y water as 


y water 


x watery water 


pTotal 


(0.99)(l.23kPa) 
(991.2 kPa) 


= 0.0012 


We also have yco 2 pratai = pco 2 = *co 2 Hco 2 > and then we may calculate y C o 2 as 


(0.0l)(990xl0 2 kPa( 

rc02 = Xco 2 H c02 = \ - )\ --J = o 998 


pTotal 


(991.2 kPa) 


We will check to see y WMe , + y c o 2 = 1- After substituting y water = 0.0012 and 
y C02 = 0.99 88 into this equation, we will get 0.0012 + 0.9988 = 1, which 
confirms that the initial assumption x C02 = 0.01 is correct. 

(b) Solve this problem once more by assuming that the liquid phase contains 
10% sugar. 

Total mass fraction of the species in the solution is Xh 2 o +Xco 2 + x sugar = 1, 
where x sugar = 0.10, x Hl0 =(0.90)(0.99) = 0.891, and x C02 =(0.90)(0.01) = 
0.009. We also have Th 2 o +/co 2 = 1- Henry’s law requires p Tot ai = 
xwaterP water+X qo 2 H = 892.1 kPa. Therefore, we may calculate 


,, _ x h 2 oPh 2 o 

y h 2 o -- 

pTotal 


(0.89)(990xl.23kPa) 
(892.1 kPa) 


= 0.0012 


and 


y COi =1-0.0012 = 0.9988. 


Biological liquids like cellular plasma, blood, and milk can be considered as liquid 
mixtures. In order to determine the thermodynamic properties of biological liquids, 
we need to determine the composition, and then mixture properties can be calculated 
based on the properties of the species. 

Blood is comprised of plasma and cells, which are platelets, red blood cells, and white 
blood cells. Forty-five percent of blood is cells and 50% is plasma. Plasma is the liquid 
component of the blood. Ninety percent of plasma is water and 10% is dissolved minerals 
that are nutrients (proteins, salts, and glucose), wastes (e.g., urea, creatinine), hormones, 
and enzymes. 
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Milk is actually a dilute aqueous solution. For example, raw cow milk contains 88.4% 
water. The rest of the components are 3.3% protein, 3.6% fat, and 4.7% carbohydrates. 
These percentages may vary for milk from different species (cow, sheep, human, etc.) 
and even the same species living under different environmental conditions. However, 
the main ingredient remains water, and therefore, milk can be treated as a dilute aque¬ 
ous solution, which is ideal. 

Numerous different types of proteins, fats, and carbohydrates coexist in milk. For sim¬ 
plicity (and because of lack of information), let us assume that all proteins are polymers 
of alanine, all fats are based on oleic acid, and all milk carbohydrates are beta-lactose. 
Now, our job is reduced to determine the thermodynamic properties of alanine, oleic 
acid fat, and beta-lactose. If data are available in the literature, then this is usually the 
most reliable source. For example, the enthalpy of formation and the Gibbs free energy of 
beta-lactose are given as 15.06 MJ/kg and 17.49 MJ/kg, respectively (Szargut et al., 1988). 

2.8 Questions for Discussion 

Q2.1 By referring to the bond energies, estimate the enthalpy of formation of aqueous 
fructose (Question Figure 2.1.1) with the reaction 

6C0 2 + 6H 2 0 —> C 6 H 12 0 6 + 60 2 

Q2.2 Estimate the total bond energy of aqueous adenine (Question Figure 2.2.1). What 
is the difference between the bond energy you have calculated with the enthalpy 
of formation of aqueous adenine? 

Additional data: Bond energy of C=N is 615 kj/mol and bond energy of C-N is 305 
kj/mol. 

Q2.3 Phase diagram of carbon dioxide is given in Question Figure 2.3.1. 

(a) Determine the T and P range, where C0 2 is a supercritical fluid. 

(b) Determine the critical and the triple points. 

(c) At 250 K, at what pressure solid and liquid C0 2 coexist? 

(d) A fermentation process is carried on at T = 25°C and p = 10 x 10 5 Pa. How 
many cubic meters of C0 2 will be released when 1000 mol of 0 2 /day is sup¬ 
plied, when respiratory quotient is 0.90? 

Data: R = 8.32 kPa m 3 /kmol K, 1 x 10 5 Pa = 1 bar = 1 atm, respiratory quotient = 
(moles of CQ 2 released)/(moles of Q 2 provided). 



QUESTION FIGURE 2.1.1 Chemical structure of fructose. 
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QUESTION FIGURE 2.2.1 Chemical structure of adenine. 
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QUESTION FIGURE 2.3.1 Phase diagram of carbon dioxide. 


(e) Fermentation broth consists of 20% nonvolatile solids and the rest is water. 
What will be the vapor pressure of water on the fermentation broth? 

(f) If the exhaust stream consists of 5% 0 2 , and the rest is water vapor and 
CO 2 (T = 25°C and p = 3 x 10 5 Pa), calculate the fraction of the carbon diox¬ 
ide in the fermentation broth. (You may obtain the data from the previous 
examples.) 

Q2.4. (a) By referring to Table 2.12, calculate the amounts of dissolved nitrogen, oxygen, 
and carbon dioxide in a lake (assume pure water) at 27°C under atmospheric 
pressure in a location where air is made of 79% nitrogen, 20.5% oxygen, and 
0.5% carbon dioxide. 

(b) What is the 0 2 -to-N, ratio of liquid in the lake at 17°C? 

(c) What is the ratio of the dissolved 0 2 in liquid water at 17°C and 27°C? 

(d) Would the fish survive better in the lake at 17°C or 27°C? Explain by referring 
to the results of your calculations. 
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Q2.5 Escherichia coli cell is cylindrical in shape with a diameter of 1.0 pm and a length 
of 2.6 pm (Hahn et ah, 2002 ). Its UCF is CH[ 59 Oo. 3 7 4 N 0 263 P 0 023 S 0 .oo 6 (Battley, 1993), 
and its density is 1.105 g/mL (Martinez-Salas et ah, 1981). The enthalpy of combus¬ 
tion and the entropy of formation are reported to be A h cceU = —5.3 x 10 -11 J/cell 
(Cordier et ah, 1987) and A Sf cM = —4.0 x 10 -13 J/cell K (Battley, 1993), respectively. 
Estimate its entropy and Gibbs free energy of formation. 

Q2.6 Methanol vapor is a real gas. Calculate the increase of the specific volume of 
methanol, under 20 atm pressure when we increase temperature of methanol 
from 210°C to 290°C. 

Q2.7 When the peptide C 4 7 93 H 7669 O 1396 N 1370 S 0046 is burned in a calorimeter in accor¬ 
dance with the reaction 

C 4 . 793 H 7 . 669 O 1 . 396 N 1 . 370 S 0 . 0 r 6 + 7.805 0 2 > 4.793 C0 2 

+ 3.1265 H 2 0 + 3.1270 N0 3 “ 

+ 0.046 S0 4 2 ~ + 1.416 H + 

Q2.8 (a) An average human weighing 70 kg has a blood volume of 5.00 L and body tem¬ 
perature of 37°C. After assuming that the blood has the same properties as water, 
calculate the number of moles of N, that may dissolve in the bloodstream. 

Data: x N2 = 0.78 and x 02 = 0.22 in the air; the person is at the sea level and under 
the atmospheric pressure of 1 atm (1 x 10 5 Pa). 

(b) The maximum extent of the depth with air-based scuba equipment is about 
150 m. Calculate the number of moles of N 2 dissolved in the bloodstream 
under these conditions. Pressure at 150 m depth may be calculated as P = phg 
Data: p = 1.05 kg/cm 3 , h = 150 m, g = 981 cm/s 2 

Conversion factor: 1 Pa = 1 kg/m s 2 . 

(c) If the diver goes from 150 m of depth water to the surface in a very short time, 
what would be the volume of the nitrogen (real gas) released? 

(d) If all the nitrogen will be released as gas at 150 m under the sea level, what 
would be the volume of the nitrogen (real gas) released? 
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Energy Conversion Systems 


3.1 Nonbiological Fundamentals 

Thermodynamics has emerged as a science in an attempt to understand energy conver¬ 
sion principles in mechanical devices. In today’s modern society, mechanical energy 
conversion systems are omnipresent. Turbomachinery such as turbines, pumps, and 
compressors enable us to transfer energy between mechanical systems and fluids. 
Generators convert mechanical work into electricity. Electricity is consumed in mechan¬ 
ical or electrical devices. Mechanical energy conversion systems can be categorized as 
work-producing and work-consuming systems (Figure 3.1). 

In the following, we will discuss energy cycles, which are used frequently for engi¬ 
neering purposes. Work-producing systems make use of renewable or nonrenewable 
energy reservoirs to produce useful work. In conventional work-producing systems, 
such as thermal power plants, the first step is to burn a fuel (coal, diesel oil, hydrogen, 
etc.) to generate heat. The enthalpy of combustion, A h c , is fed into a heat engine, which 
converts part of the inflowing heat into useful work. According to the energy balance, if 
the heat engine operates at steady state, then the enthalpy of combustion has to be equal 
to the sum of the heat released and work produced in the cycle. In conventional power 
plants, work production occurs via rotating the shaft of a turbine. 

The operation principle of a work-producing system is very similar to the work pro¬ 
duction in biological systems. In the cellular energy metabolism, the source of high 
energetic chemical is nutrients instead of fuels. Nutrients are burned, and the enthalpy 
of this reaction is equal to the sum of the metabolic heat released and the biological work 
performed. Work production in biological systems can occur through different mech¬ 
anisms, which will be discussed and exemplified in Chapter 4. Biothermodynamics 
makes use of the theories that are developed for mechanical devices to understand 
biological systems (Figure 3.2). 


3.1.1 Heat Engines 

A heat engine is defined as a cyclic device that produces useful work from heat. Heat is a 
dissipative form of energy; therefore, all of the inflowing heat cannot be converted into 
work. Part of the inflowing heat is rejected to the environment as waste heat, as shown 
in Figure 3.3. 
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FIGURE 3.1 Classification of mechanical systems based on their thermodynamic aspects. 
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FIGURE 3.2 Energy flow in a work-producing system. 
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FIGURE 3.3 Energy flow in a heat engine. 

A heat engine undergoes four processes: 

1. Heat addition 

2. Expansion 

3. Heat removal 

4. Compression 

This sequence is called a cycle. A thermodynamic cycle is completed when the state 
of the working fluid is the same as the initial state. A mechanical cycle is completed 
when the mechanism returns to its original position. A cycle is referred to as a closed 
cycle, if the working fluid remains inside the engine throughout its cycle. A cycle can 
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FIGURE 3.4 Classification of heat engines. 

also be open, if there is a mass transfer through the system boundaries. For example, 
in car engines, air is taken into cylinders at the beginning of each cycle, and at the end 
of a cycle, air is thrown out through the exhaust ducts. And the thermodynamic and 
mechanic cycle begins again with fresh air. 

A heat engine has to involve devices that make heat addition, expansion, heat removal, 
and compression possible. For example, in a car engine, all of the four processes occur 
inside piston-cylinder devices. Heat addition is actually the combustion of the fuel inside 
the cylinders. Expansion and compression processes occur due to the motion of the pis¬ 
ton, and heat removal step is actually throwing the air and burned fuel mixture out of the 
cylinder. In a power generation facility, a boiler may be used to add heat to the heat engine, 
and usually turbines are employed to expand the working fluid. Heat exchangers are used 
to cool down the fluid, and pumps are employed to compress the fluid back into the boiler. 

Heat engines are categorized based on the location of the combustion and the type of 
the working fluid (Figure 3.4). 

A thorough discussion of heat engines can be found in mechanical engineering ther¬ 
modynamics textbooks, such as Cengel and Boles (2011) and Bejan (2006). Furthermore, 
there is a vast number of books specialized on different types of heat engines. Here, we 
will limit our discussion on the fundamentals of heat engines, which will be visual¬ 
ized by analyzing Rankine cycles in detail. Important thermodynamic concepts like the 
Carnot cycle and first and second law efficiencies will be defined. The last section of this 
chapter is devoted to analogies between the mechanical and biological systems. 

3.1.2 Rankine Cycle 

A schematic drawing of a simple Rankine cycle is given in Figure 3.5. 

A simple Rankine cycle includes four mechanical devices: 

1. Pump: The working fluid, which is in liquid form and at a low pressure (thermo¬ 
dynamic state 1), is pressurized and fed into the boiler. In an ideal Rankine cycle, 
pump operates isentropically. 












148 


Biothermodynamics: Principles and Applications 


W„, 





FIGURE 3.5 Schematic drawing of a Rankine cycle. Since Rankine cycles operate at steady 
state, mass balance becomes /h; = m 2 = m 3 = m 4 = m. 


2. Boiler-. As the pressurized working fluid, which is in liquid form (thermody¬ 
namic state 2), flows through the boiler, it is vaporized. At the outlet of the 
boiler, the working fluid is in superheated vapor form (thermodynamic state 3). 
The heat added to the fluid in the boiler is referred to as Q H . In an ideal Rankine 
cycle, there is no friction loss inside the boiler, that is, the boiler operates 
isobarically. 

3. Turbine-. The working fluid at a high pressure and a high temperature flows into 
the turbine. In the turbine, part of the inflowing energy of the fluid is transformed 
into shaft work. In an ideal turbine, fluid elements follow the shape of the turbine 
blades perfectly. There are no frictional losses, no turbulence, no noise, and no 
vibration. An ideal turbine operates isentropically. 

4. Condenser. The working fluid flows from the turbine into the condenser in vapor 
form (thermodynamic state 4). Condenser changes the phase of the fluid to liquid 
by extracting heat. The heat rejected from the fluid in the condenser is referred to 
as Q l . An ideal condenser operates isobarically. 

The high-temperature heat reservoir that transfers Q H to the boiler and the low-temperature 
heat reservoir that extracts Q L from the condenser are not taken into the system boundaries 
that define the Rankine cycle. Thermal power plants operating as Rankine cycles employ 
large combustion chambers, where the fuel (coal, natural gas, etc.) is fed at a steady rate. 
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Geometrical design of the combustion chamber may change from application to application 
but usually, the design is made to assure that the flame remains at the center of the chamber 
to protect the chamber from high thermal stress. A pipeline surrounds the flame. Heat is 
transferred from the flame to the water inside the pipeline. Under normal operating condi¬ 
tions, combustion occurs steadily and the flame temperature remains constant. 

In an effort to decrease the dependence on fossil energy resources, renewable energy 
sources began to replace the combustion process. Geothermal resources, waste heat of 
cement plants, and oils heated via solar energy serve as renewable high-temperature 
heat reservoirs. Examples of low-temperature heat reservoirs are atmospheric air and 
seawater. A medium can be defined as heat reservoir, only if its temperature remains 
constant, independent of the amount of the heat transferred. 

Energy, entropy, and exergy balances for steady flow devices are 


I 





+ Q-W = 0 


5 >- 5 >s + y^ + ^= o 

if i Tb -j 

Qj EXrfestr 9 

For the devices in the Rankine cycle, this equation can be simplified since kinetic and 
potential energy of the fluid are negligibly low compared to its enthalpy and there is only 
one inlet and one outlet: 


Y, ,nex ~ rnex + 


1 - 




hi„ - h out + q - w = 0 
q 

Sin — Sout "I" — Sgen ~ 0 

In the pump, fluid is incompressible, and there is no heat transfer. Thus, 

w pump =h 2 -h 1 = v 1 (p 2 -pi) 


S gen, pump S 2 5 ^ 


For the boiler, 


q_H -h 2 — h 2 


Sgen,boiler S 3 S2 


<{h 
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Note that here q H is transferred at the temperature T H . In other words, the system 
boundary is in the thermal reservoir, and boundary temperature remains at the con¬ 
stant temperature T H . 

For the turbine, 

tV 7 turbine ^4 ^3 

$ gen, turbine ^4 $3 

For the condenser, 


q L = hi - h 


$ gen, condenser ^1 ^4 „ 

Note that for saturated liquid at temperature T and pressure p, the thermodynamic 
properties can be approximated as only a function of temperature. So, at state one, ther¬ 
modynamic properties are 


hi hf @ri 
5 — ii 

n =Vfm 

Note that the thermodynamic properties at the turbine inlet are determined from 
the superheated water vapor table for specified temperature and pressure values of 
turbine inlet: 


h = 


3 - "@r 3 ,p3 


% - s @r 3 ,p3 


The net work generated through a cycle is 

W net tV turbine tV pump 


And the net heat absorbed is 


q net q ii qL 
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The thermal efficiency of the cycle can be calculated as 


tlft = 


Wnet 


This efficiency is also referred to as the first law efficiency or the energy efficiency. 

These equations show that the heat q H is the driving force for the cycle and absorbed 
by the working fluid as shown in the energy flow diagram in Figure 3.6. In this energy 
flow diagram, the blue lines show how the enthalpy of the working fluid changes as it 
flows through the devices in the Rankine cycle. Boiler increases the enthalpy of the fluid 
and turbine extracts work from the inflowing enthalpy. The final two processes (con¬ 
densing and pumping) are performed to return the fluid’s thermodynamic state back to 
the state at the inlet of the boiler. 

One of the frequently asked questions is why do we need the condenser. Theoretically, 
a condenser can be taken out of the cycle, then fresh fluid has to be fed into the pump, 
and the vapor (which is at a relatively high temperature, as will be shown in the follow¬ 
ing examples) at the outlet of the turbine is released to the environment. However, the 
energetic and environmental cost of such a modification is so high that it justifies the 
investment and operation costs of the addition of a condenser into the cycle. 

As the energy flow diagram shows, the working fluid is the energy carrier in this 
cycle. The choice of the working fluid depends on the operating conditions of the 
Rankine cycle. In a conventional thermal power plant, where q H is generated via 
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FIGURE 3.6 Detailed energy flow diagram. 
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combustion of a fossil fuel, the temperature in the combustion chamber can be as 
high as 1000°C. With this T H , water can be superheated at pressures as high as a few 
MPa’s. But if the temperature of the thermal reservoir is low, for example, if a geother¬ 
mal reservoir at T H = 180°C is used to extract q H> then water cannot be superheated 
at high pressures. Under such conditions, organic fluids such as chlorofluorocarbons 
(refrigerants) are employed, because these have lower critical temperature and pres¬ 
sure. In order to visualize the effect of the thermodynamic properties of the working 
fluid, T-s (temperature vs. entropy) diagrams can be studied. The temperature versus 
entropy diagram (Figure 3.3) of water is plotted by using the MATLAB m-function 
XSteam (Holmgren, 2007; Kitchin, 2011) in MATLAB code 3.1: 

MATLAB CODE 3.1 

Command Line 

clear all 
close all 

% enter the data 

T = linspace(0,500,100); % temperatures 

PinBar= [0.01 0.05 0.1 0.5 1 4 10 40 100 250 500 1000]; % Pressure 
in bar 

hold all 

for P = PinBar 

% get a vector of entropies from Xsteam (in bar) 

S = arrayfun(@(t) XSteam('s_PT 1 ,P,t),T); 

% adjust figure position to prevent misplacement of the pressure 
labels 

set(gca, 1 Position', [0.13 0.09 0.8 0.7]) 
plot(S,T, 1 k- 1 , 'LineWidth' ,1.85) 

% convert the pressures from bar to kPa for the label 
PSI=P*100; 

text(S(end),T(end),sprintf( 1 %2.le kPa',PSI), 1 rotation',90) 
end 

% get a vector of saturation liquid entropies from Xsteam 
sliq = arrayfun(@(t) XSteam('sL_T 1 ,t),T); 

% get a vector of saturation vapor entropies from Xsteam 
svap = arrayfun(@(t) XSteam('sV_T 1 ,t),T); 

plot(svap,T, 1 r- 1 , 1 LineWidth 1 ,1.85) 

plot(sliq,T,'b- 1 , 1 LineWidth',1.85) 
xlabel('S (kj/kg K)') 
ylabel('T U\circC) 1 ) 

When we run the code, Figure 3.7 will appear in the screen: 
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FIGURE 3.7 Temperature versus the entropy plot for steam with constant pressure curves. Note 
that the constant pressure curves in the subcooled liquid region are so close to each other, so that 
they seem to overlap. This means that in the subcooled liquid region, a pressure increase hardly 
causes an increase in the temperature or entropy. 


Example 3.1: Efficiency of a Thermal Power Plant 

This example aims to illustrate the thermodynamic analysis of a Rankine 
cycle. Consider that the Rankine cycle is ideal, that is, both the turbine and 
the pump operate isentropically, and there is no pressure drop in the pipe¬ 
lines, the boiler, and the condenser. The boiler produces steam at 560°C and 
3 MPa. At the outlet of the condenser, water is subcooled to 30.01°C at 100 kPa. 
Calculate q H , q L , w turbine , w pump and the thermodynamic efficiency of the cycle. 

In analyses of heat engines, it is useful to sketch a T-s diagram and indi¬ 
cate the thermodynamic states of the streams on the T-s diagram as shown in 
Example Figure 3.1.1. 

At the outlet of the boiler, T 3 and p 3 are given; thus, the rest of the thermo¬ 
dynamic properties can be found from steam tables or Xsteam. For example, 
the NIST Chemistry WebBook lists (The National Institute of Standards and 
Technology, 2014): 


7TC) 

p (MPa) 

v (m 3 /kg) 

u (kj/kg) 

h (kj/kg) 

s(I/gK) 

c v (J/g K) 

c p (J/g K) 

Phase 

560 

3 

0.12599 

3214.3 

3592.3 

7.4041 

1.7457 

2.2576 

Vapor 
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EXAMPLE FIGURE 3.1.1 T-s diagram. 

Since the turbine operates isentropically, s 4 = s 3 and pressure is given as p = 0.1 MPa. 
Thus, at point 4: 


T(°C) 

p (MPa) 

v (m 3 /kg) 

u (kj/kg) 

h (kj/kg) 

s(J/g K) 

c v (J/g K) 

c p (J/g K) 

Phase 

107.88 

0.1 

1.7344 

2518.6 

2692.0 

7.4041 

1.5335 

2.0476 

Vapor 

Through the condenser, pressure remains constant but temperature drops to 30°C: 

T(° C) 

p (MPa) 

v (m/kg) 

u (kj/kg) 

h (kj/kg) 

s(J/gK) 

Cv(J/g K) 

c p (J/gK) 

Phase 

30.01 

0.1 

0.0010044 

125.76 

125.86 

0.43686 

4.1172 

4.1798 

Liquid 


Through the pump, pressure is increased isentropically. The thermodynamic 
properties are listed for s 1 = s 2 = 0.43686 andp 2 = 3 MPa as: 


T(° C) 

p (MPa) 

v (m 3 /kg) 

u (kj/kg) 

h (kj/kg) 

5 (J/g K) c v (J/g K) c p (J/g K) 

Phase 

30.07 

3 

0.0010031 

125.76 

128.77 

0.43686 4.1077 4.1719 

Liquid 


Once the thermodynamic properties of each stream are obtained, we can calculate 
the heat and work transfer for the devices: 

q H = 3592.3-128.77 = 3463.53 kj/kg 


w lurhine = 3592.3 - 2692.0 = 900.3 kj/kg 
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q L = 2692.0 -125.86 = 2566.14 kj/kg 


w pump = 128.77 -125.86 = 2.91 kj/kg 


These results show that out of the 3463.53 kj/kg heat extracted from the high- 
temperature reservoir, 2566.14 kj/kg is wasted as q L . The net work obtained 
from this cycle is w turblne -w pump = 900.3-2.91 = 897.39 kj/kg. The thermal effi¬ 
ciency of this cycle is 


897.39 

3463.53 


= 26% 


Remark : Note that the values listed earlier are experimental data taken from 
steam tables. In Chapter 2, we stated that subcooled liquids are incompressible. 
Based on this assumption, we can write the enthalpy change in the pump as 

h 2 ~ h = (u 2 +p 2 v 2 )-(u 1 + p\V\) 

= (u 2 -u l ) + {p 2 v 2 -p 1 v l ) 

For incompressible substances, 

v = constant =c(T 2 -T l )+ v(p 2 - pi) 

The temperature change in turbomachinery for incompressible substances is 
usually negligibly small. Experimental data support the negligible AT assump¬ 
tion. Here, the experimental data show that there is only a temperature increase 
of 0.06°C between the inlet and outlet of the pump. Thus, for incompressible 
water, we can write the enthalpy change through the pump as 

h 2 -h =v(p 2 -pi) 

The enthalpy change calculated based on this assumption is 

h 2 — hi = 0.0010044(3000 —100) = 2.913 kj/kg 

The enthalpy change calculated based on the experimental data was calculated 
as 2.91 kj/kg. Thus, the incompressible assumption for subcooled liquids is a 
valid assumption. 


The energy balances demonstrate that the enthalpy difference between the inlet and 
outlet of each device either represent the heat transfer or the work transfer in the cor¬ 
responding device. Entropy equations demonstrate that the entropy difference between 
the inlet and outlet of each device represent the sum of the entropy transferred and the 
entropy generated. The enthalpy versus entropy diagram, as described in Figure 3.8, is a 
very useful plot, since it visualizes the results of both the first and second laws of ther¬ 
modynamics simultaneously. Figure 3.8 represents the h-s diagram of the Rankine cycle 
analyzed in the previous example. Note that since the analyzed Rankine cycle is ideal, 
there is no entropy generation. The difference in the entropy values of the fluid between 
different states arises only due to the heat absorbed (in the boiler) or the heat released 
(in the condenser), which are equal to each other. 
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FIGURE 3.8 The h-s diagram. 


Example 3.2: Improving the Efficiency of a Thermal Power Plant 

The answer to the question How we may improve the efficiency of the thermal 
power plant? is presented in this example. 

To increase the thermal efficiency, we have to increase the amount of work 
produced per kj of extracted heat. There are several modifications to do that, 
such as increasing the boiler pressure and adding reheaters and feed water heat¬ 
ers. A thorough discussion on the possible improvement methods can be found 
in basic mechanical engineering literature. Here, we are going to limit our dis¬ 
cussion on the effect of increasing the turbine inlet temperature and decreasing 
the condenser pressure. 

(a) Increasing T 3 

One possible modification is to superheat the steam to higher tempera¬ 
tures. If the steam would be heated to 980°C at 3 MPa, then its enthalpy 
would increase to 4584.3 kj/kg. This modification would require an 
increase in the heat addition as q H = 4584.3—128.77 = 4455.53 kj/kg, and 
result in an increase in the turbine work as w turblne = 4584.3—3162.3 = 
1422.0 kj/kg. The thermal efficiency rises to 31.85%. Example Figure 3.2.1 
shows the T-s diagram of the modified Rankine cycle and the increase in 
the net work. 

In practice, large turbine inlet temperatures are omitted, since turbine 
blades cannot withstand high temperatures. Modern technology allows 
high temperatures up to 620°C. In some high-tech applications, special 
materials or blade cooling technologies are employed to enable turbines 
to endure higher temperatures. 
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EXAMPLE FIGURE 3.2.1 T-s diagram describing that an increase in the turbine 
inlet temperature leads to increases in q H , q L , and w turbine . 



EXAMPLE FIGURE 3.2.2 T-s diagram describing that a decrease inp 4 causes an 
increase in thermal efficiency. 

(b) Decreasing p 4 

Another modification is to decrease the condenser pressure (Example 
Figure 3.2.2). By reducing the condenser pressure to 10 kPa, water at 
the outlet of the turbine becomes a saturated mixture with a quality 
of x = 0.90. Thermodynamic properties at point 4 can be calculated as 
h 4 = 2344.69 kj/kg, T 4 = 45.806°C. Via this modification, q H remains the 
same, but w turbine increases to 1247.61. The heat rejected (q L ) decreases, 
since the condenser inlet enthalpy is decreased. The pump work increases, 
but since the fluid is incompressible, increase in the pump work is very 
small. The new pump work is w pump = 0.001(3000—10) = 2.99 kj/kg instead 
of 2.91 kj/kg. As a result, the thermal efficiency rises to 36%. 
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One disadvantage of this modification is to have a saturated mixture at 
the outlet of the turbine. Consider a small control volume of vapor in the 
turbine as shown in Example Figure 3.2.3. If this small volume of vapor 
flows into a low-temperature zone and condenses, then the volume it 
occupies suddenly decreases. The abrupt change in the occupied volume 



EXAMPLE FIGURE 3.2.3 The schematic description of the condensation of a 
small vapor bubble. 



Entropy (kj/[kg !<]) 


EXAMPLE FIGURE 3.2.4 Condensation in the metastable region. 
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initiates pressure waves. Fluctuations in pressure can apply large forces 
on the solid surfaces inside the turbine. 

Condensation of very small vapor bubbles in restricted spaces occurs 
in a so-called metastable thermodynamic process, where entropy 
increases as shown in Example Figure 3.2.4. 

In order to minimize the condensation losses, large moisture contents 
in the turbine are avoided. But slightly wet steam at the turbine outlet is 
preferred since it provides larger cycle efficiency and some flexibility in 
the operational range. 


In a typical fossil fuel-fired power plant, only one-third of the energy present in the fuel is 
turned into useful energy, and two-thirds of the energy is wasted. One of the major sources 
of the waste is Q L , which is dumped into cold water sinks, for example, ocean, river, or 
seas. Sophisticated Rankine cycle plants, which operate very cold ocean water, reach effi¬ 
ciencies up to 42%. With the engineering improvements within the last decades, techno¬ 
logical advancement of the conventional power plants reached a maturity. Today, intense 
research and development studies are performed to obtain even very small increases in the 
cycle’s thermodynamic efficiency. To increase the overall efficiency of a plant, however, can 
be easier, if the waste heat is used. The first power plant, which was built by Edison in the 
1880s, used the waste heat Q L to warm nearby factories and houses. Most of the modern 
power plants are established far from the cities; therefore, it is not feasible to use their waste 
heat in the houses (Casten and Schewe, 2009). One of the solutions found to this problem 
is building small (3-10,000 J/s) power plants in the facilities, which uses the electric power. 
These small power plants may be connected with the local grid. Although such small power 
plants make it possible to use Q L with other purposes, they are rather expensive to build. 

The T-s diagram of an actual Rankine cycle is shown in Figure 3.9. Note that this is 
a schematic drawing and not to scale. In this figure, the distance between the isobars in 



FIGURE 3.9 T-s diagram of an actual Rankine cycle (not to scale). 
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the compressed liquid region and the pressure losses are sketched much larger than the 
actual values to be able to demonstrate the losses. 


Example 3.3: Efficiency of an Actual Rankine Cycle 

In an actual Rankine cycle, steam enters into the turbine at 700°C and 8 MPa. 
At the outlet of the turbine, the pressure is measured as 20 kPa and the fluid is 
in the form of saturated vapor. Calculate the specific work of this turbine, and 
the mass flow rate of the steam required to perform a total work of 300 MJ. 

The turbine can be considered as an open system as sketched in Example 
Figure 3.3.1: 

Thermodynamic properties of steam at 700°C and 8 MPa are determined 
with MATLAB code E3.3.a: 

MATLAB CODE E3.3.a 

Command Window 

clear all 
close all 

% print out values of u, h and s at 625 oC and 30 kPa 
T = 700; % oC 

p= 8000/100; % kPa, P is in Bar in XSteam, divide in 100 to 
convert kPa into Bar 



EXAMPLE FIGURE 3.3.1 Schematic description of the mass input and output 
and work production in the turbine. 
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% tabulate u, h and s as a function of T at 30 kPa 
fprintf('\n SUPER HEATED STEAM \n') 

fprintf( 1 \n T (oC) p (kPa) u(kJ/kg) h(kJ/kg) s(kJ/kg K) 

\n ') % column captions 

u=XSteam('u pt' , p,T); % determine the internal energy of 
the super-heated steam entering into the chamber (kJ/kg) 

h=XSteam( 1 h pt 1 , p,T); % determine the enthalpy of the 
super-heated steam entering into the chamber (kJ/kg) 
s=XSteam('s pt 1 , p,T); % determine the enthalpy of the 
super-heated steam entering into the chamber (kJ/kg) 

% P is in Bar in Xsteam, multiplied by 100 to convert in kPa 
fprintf('%2.Of %3.0f %7.1f %7.1f %7.1f \n' , T, 

p*100, XSteam ('u_pt' , p,T), XSteam(' h_jpt' , 
p,T), XSteam('s_pt', p,T)) 

When we run the code the followings will appear in the 
screen (columns are aligned manually): 

SUPER HEATED STEAM 

T (oC) p (kPa) u(kJ/kg) h(kJ/kg) s(kJ/kg K) 

700 8000 3443.8 3882.4 7.3 

We will refer to XSteam to determine the thermodynamic properties of the 
saturated water under p = 20 kPa of pressure with the MATLAB code E3.3.b: 


MATLAB CODE E3.3.b 

Command Window 

clear all 
close all 

% enter the pressure range (in Bar) 

P = [0.1:0.05:0.3]; 

% tabulate the results: 

fprintf('\n SATURATED WATER TABLE \n') 

fprintf(■\n P T_sat v_sat_L v_sat_V u_sat_L u_sat_V 
h_sat__L h_sat_V s_sat_L s_sat_V') % column captions 

fprintf(■\n (kPa) (oC) (m3/kg) (m3/kg) (kJ/kg) (kJ/kg) 

(kJ/kg) (kJ/kg) (kJ/kg K) (kJ/kg K) \n') % units 


for i=l:length(P) 
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fprintf('%3.Of %2.0f %6.4f % 6.2f %5.1f %7.1f %5.If %7.If 

%6.2f %7.2f \n',P(i) *100, XSteam('tSat_p',P(i)), 

XSteam('vL_p',P(i)), XSteam('vV_p',P(i)), 

XSteam( 1 uL_p',P(i)), XSteam('uV_p',P(i)), 

XSteam('hL_p',P(i)) , XSteam('hV_p',P(i)), 

XSteam( 1 sL_pP(i)), XSteam('sV_pP(i))); % P is in Bar in 
XSteam, which is multiplied by 100 to convert in kPa 

end 

When we run the code, the following will appear in the screen (columns are aligned 
manually in the printout): 

SATURATED WATER TABLE 


P 

T_sat 

V 

V 

u 

u 

h_ 

h_ 

s_ 

S_ 

(kPa) 

(oC) 

sat_L 

sat_V 

sat_L 

sat_V 

sat_L 

sat_V 

sat L 

sat_V 



(m3/kg) 

(m3/ 

(kJ/ 

(kJ/ 

(kj/ 

(kJ/ 

(kJ/ 

(kJ/ 




kg) 

kg) 

kg) 

kg) 

kg) 

kg K) 

kg K) 

10 

46 

0.0010 

14.67 

191.8 

2437.2 

191.8 

2583.9 

0.65 

8.15 

15 

54 

0.0010 

10.02 

225.9 

2448.0 

225.9 

2598.3 

0.75 

8.01 

20 

60 

0.0010 

7.65 

251.4 

2456.0 

251.4 

2608.9 

0.83 

7.91 

25 

65 

0.0010 

6.20 

271.9 

2462.4 

271.9 

2617.4 

0.89 

7.83 

30 

69 

0.0010 

5.23 

289.2 

2467.7 

289.2 

2624.6 

0.94 

7.77 


At the exit of the turbine, the working fluid is a mixture of both saturated water 
and vapor. The enthalpy and entropy of the saturated mixture are calculated as 

/j 4 = 2608.9 kj/kg 
s 4 = 7.91 kj/ (kg K) 

The specific work produced in this turbine is (Example Figure 3.3.2) 
w = h 3 -h 4 = 3882.4 - 2608.9 = 1273.5 kj/kg 

In order to produce a total work of 300 MJ, the mass flow rate of the steam 
should be 

W 

m = — = 235 kg/s 
w 


w= 1273.5 kj/kg 



EXAMPLE FIGURE 3.3.2 Schematic description of the energy input, output, 
and work production in the actual turbine. 
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Note that the entropy generation in this turbine is 

Sgen = s 4 -s 3 = 7.91-7.3 = 0.61 kj/(kg K) 


If this turbine would generate no entropy, that is, function without losses, then 
the thermodynamic state at the outlet would be different. For an isentropic 
turbine s ge „ = 0, which leads to 


s 4s = s 3 = 7.3 kj/(kg K) 


Since s g at 20 kPa is larger than the calculated s 4s , the outlet stream of the isen¬ 
tropic turbine should be a saturated mixture with a quality of 


x 4s = 


S 4s Sj@20kPa 

v Sg@20kPa —S/@20kPa 


0.91 


Enthalpy at the point 4s is calculated as 


/l 4s — % 4s /lj @2 okPa + (1 *4s)^/@20kPa 


= 2391.73 kj/kg 


Then the maximum work that an ideal turbine would produce under these 
conditions is calculated as 

w max =h 3 -h 4s =3882.4-2391.73 = 1490.67 kj/kg 


These results may also be shown schematically as follows (Example Figure 3.3.3): 


w= 1490.67 kj/kg 



EXAMPLE FIGURE 3.3.3 Schematic description of the energy input, output, 
and work production in the ideal turbine. 
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The second law or isentropic efficiency of a turbine can be defined as 


Bll, turbine 


actual 

tt'max 


The second law efficiency of the investigated turbine is 


BlI, turbine 


W actual 


1273.5 

1490.67 


= 85% 


An ideal turbine would decrease the need for the steam flow rate to 201.25 kg/s. 

Note that both the ideal and actual turbines are considered as adiabatic tur¬ 
bines. The lost work in the actual turbine is not released as heat to the surround¬ 
ings but used to increase the entropy content of the outflowing stream (s 4 > s 4s ). 


3.1.3 Sources of the Irreversibilities 

Thermodynamic analyses show that the efficiency of an ideal Rankine cycle can be 
increased by varying the operating conditions. The next question that arises is: What is 
the limit for the maximum efficiency? What is the maximum work that we can produce 
from a thermal reservoir at T H by extracting 1 kj of Q H ? 

In order to answer these questions, let us investigate the energy and entropy flow in the 
Rankine cycle in detail. To achieve the maximum efficiency, loss of work potential into 
dissipative forms of energy, that is, irreversibilities, should be avoided. Irreversibilities 
can occur both inside and outside the system boundaries. Internal losses occur due 
to turbulence, friction, condensation shock, etc. External losses occur because of the 
heat transfer across a finite temperature difference. Irreversibilities are measured with 
entropy generation. For the two processes, which involve work transfer, that is, pump 
and turbine, entropy balances are given as 

$ gen, pump -’ I $2 
Sgen, turbine -T A 

To avoid entropy generation in these devices, processes should occur isentropically, that 
is, the fluid’s thermodynamic state should change so that its entropy remains constant 
(sj = s 2 and s 3 = s 4 ). In actual devices, Sj<s 2 and s 3 <s 4 , because of the internal irrevers¬ 
ibilities. Some of the internal irreversibilities can be prohibited via careful design. For 
example, if the inner surface of the pipelines through which the working fluid is flowing 
is perfectly smooth, then the viscous dissipation can be minimized. On the other hand, 
some of the losses are tolerated because of feasibility For example, entropy generation 
due to condensation shock can be eliminated, if superheated steam leaves the turbine. 
However, this will limit operational flexibility and reduce the total work produced. 
Sometimes economic, technologic, and environmental benefits justify losses in thermo¬ 
dynamic efficiency 
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For the two heat transfer processes (boiler and condenser), entropy balances are 

— _ _ ^ H 
Sgen, boiler ^3 $2 

iH 


$ gen, condenser -51 S 4 

Tl 

Heat transfer processes can occur in an internally reversible manner, if dissipative forms 
of energy transfer (such as fluid friction with the pipe surface, turbulence, noise, etc.) 
can be eliminated. This would mean that the boiler increases fluid’s entropy (s 3 —s 2 ) by 
the same amount as the condenser decreases fluid’s entropy (sj—s 4 ). 

Note that both T L and T H are the temperatures of the thermal reservoirs, not the tempera¬ 
ture of the working fluid. The system boundaries of the boiler and the condenser are placed 
on the outer surfaces of these devices. In order to illustrate the heat transfer across the finite 
temperature difference between T H and T fImd and the entropy generation related to it, Figure 
3.10 shows a schematic drawing of the boiler. For this simplified analysis boiler is considered 
as an axisymmetric pipeline, where the temperature of the fluid changes only in the direction 
of the flow, that is, any temperature gradient in the direction normal to the flow is neglected. 
The temperature of the outer surface of the pipe wall is constant at T H . The temperature of 
the inner surface changes in the flow direction. At the inlet, it is nearly at T 2 (pump outlet 
temperature). As heat transfer occurs, temperature of the liquid water increases up to the 
saturation temperature. Then, boiling begins and the temperature remains constant until 
the fluid’s state achieves saturated vapor. After this point temperature increases again until 
exits the boiler at T 3 . The amount of the entropy transfer through the inner surface of the wall 



FIGURE 3.10 Entropy generation due to heat transfer across a finite temperature difference. 
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changes in the flow direction. As a result, entropy generation in the wall is a function of the 
position. The total entropy generated in the pipe wall remains inside the system boundaries. 

This analysis shows that a reversible heat transfer can only be achieved isothermally. 
In order to avoid s gen , T H and Tjj uid have to be approximately the same. Heat transfer 
across an infinitely small temperature difference would eliminate the entropy genera¬ 
tion, but it would also take unfeasibly long time periods. 

In summary, the total entropy generation of a Rankine cycle is 

Sgen Sgen, pump "t" $ gen,turbine "t" Sgen,boiler S gen, condenser 

If the Rankine cycle is ideal, that is, there are no internal irreversibilities, then the 
entropy generation in the cycle is 

c _ Qy_ Qh 

S gen 

II H 

This result indicates that the total entropy generated in an ideal Rankine cycle is the differ¬ 
ence between the amounts of the entropy transfers due to heat transfer. Even though this 
result is achieved from the analysis of a Rankine cycle, the result is valid for any heat engine. 
In the heat addition process, an entropy of Q H IT H is transferred into the cycle. In steady-state 
operation, this inflowing entropy should flow out of the system boundaries, which occurs 
via the heat rejection process (condenser). If the entropy rejected in the condenser Q L IT L 
is the same amount of Q H IT H , then system operates reversibly. But if entropy is generated 
within the system boundaries, then Q L IT L becomes larger than Q H IT H . 

Figure 3.11 visualizes energy, entropy, and exergy flow in heat engines. The equations for 
the exergy balance are not written here explicitly, but these can be derived by multiplying the 
entropy equations with T 0 and subtracting the resulting equation from the energy equation. 
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FIGURE 3.11 (a) Energy, (b) entropy, and (c) exergy flow in an internally reversible Rankine cycle. 
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3.1.4 Carnot Engine 

Carnot engine is a theoretical, reversible heat engine that eliminates all the irrevers¬ 
ibilities mentioned earlier. It was proposed by the French engineer Sadi Carnot in 1824. 
The principles of Carnot engine are later used by Clausius and Kelvin to formalize the 
second law of thermodynamics and define the absolute temperature scale. 

Carnot engine operates with the following four processes: 

1. Isothermal heat addition 

2. Isentropic expansion 

3. Isothermal heat rejection 

4. Isentropic compression 

For an internally reversible heat engine, we already showed that the entropy generation is 

S l m rj, X 

■1L 1 H 

If the heat transfer processes can be performed isothermally, then the cycle becomes 
completely reversible since 


^ gen If 


Qi = Q« 

T, T„ 


This means that the working fluid is nearly at T H during the heat addition process and 
nearly at T L during the heat rejection process. Whether an isothermal heat transfer 
process is technologically feasibile or not is beyond our focus. Carnot heat engine is a 
conceptual cycle. Carnot cycle may not be applicable but it is one of the most important 
concepts of thermodynamics, because of the following reasons: 

1. It helps us to assess the feasibility of potential energy resources. 

2. It gives us a reference to compare existing systems and pinpoint the problematic 
areas. 

3. It serves as a model to understand relatively little known phenomena like natural 
or biological systems. 

A Carnot engine is schematically sketched as in Figure 3.12. 

Since there are no internal or external irreversibilities in the Carnot engine, it pro¬ 
duces work at the maximum efficiency. The energy, entropy, and exergy flow diagrams 
for a Carnot engine are given in Figure 3.13. 


3.1.5 Absolute Temperature 

Lord Kelvin made use of the principles of the Carnot engine to define an absolute tem¬ 
perature scale. Carnot engine shows that to obtain a reversible heat transfer, 


Or = Qn 
T l T h 



168 


Biothermodynamics: Principles and Applications 



FIGURE 3.12 Schematic drawing of the Carnot engine. 



(a) 





Qh 

\ 
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Ql 
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FIGURE 3.13 (a) Energy, (b) entropy, and (c) exergy flow in Carnot cycle, which is both inter¬ 

nally and externally reversible. 


Kelvin showed mathematically that a temperature scale, which satisfies 

T l Ql 

can be defined. This temperature scale is called absolute , and its unit is Kelvin (K). 
Figure 3.14 demonstrates the linear relationship between the heat transfer and the abso¬ 
lute temperature scale. With extrapolation, the position of the absolute zero temperature 
is found as —273.15°C. 
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Absolute temperature (I<) 


FIGURE 3.14 Definition of the absolute temperature scale. 

Note that Kelvin scale is defined only based on thermodynamic principles and does 
not depend on any material property. 

3.1.6 Second Law Efficiency 

The thermodynamic efficiency is defined as 


tt'tier 
tfin 


Tift = 


_qH-qL qi 

T| ft --1- 


qH qn 


By using the definition of the absolute temperature, we can write the efficiency for a 
Carnot cycle as 



Carnot efficiency depends only on the absolute temperatures of the heat reservoirs. 
Properties of the heat engine like the type of the working fluid, maximum or minimum 
pressure, material of the turbine blades, etc., are irrelevant for the Carnot efficiency. 
Carnot efficiency shows us the thermodynamically possible limit. For example, if we 
have a geothermal reservoir at a temperature of T H = 150°C in a coastal region where 
seawater is available at T L = 5°C, then the best work-producing cycle that we can build 
would have an efficiency of r\ Carnot = 1—((5 + 273.15)/(150 + 273.15)) = 34%. A fossil fuel- 
based power plant with T H = 800°C in the same location would have a maximum effi¬ 
ciency of \\ C arnot= M(5 + 273.15)/(800 + 273.15)) = 74%. 
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Note that only for a Carnot engine (i.e., an internally and externally reversible heat 
engine as shown in Figure 3.12) T L IT H = Q L IQ H . For actual heat engines, TJT H # Q L IQ H . 
The second law efficiency of a heat engine is defined as 



T ]Camot 


Example 3.4: Efficiency of an Actual Thermal Power Plant 

A power plant produces 750 MW of net work, by burning coal. The high- 
temperature reservoir is at 650°C. Seawater is used as the low-temperature res¬ 
ervoir, which is at 8°C. The second law efficiency of the power plant is 80%. 
How much heat is discarded to the sea? Repeat the analysis, if T H is increased to 
750°C and the second law efficiency remained constant at 80%. 

(a) When T H = 650°C, 


r| Carnot 1 , 


650 + 273 


= O.SOt^,,, = (0.80) (0.70) = 0.56 


Since r\ th = wl\q H \, we calculate 


Qh = 


W_ 

r\th 


(750) 

(0.56) 


= 1339 MW 


We calculate the amount of the heat discarded to the sea after applying 
the first law of thermodynamics to the cycle as 

Ql = Qh - W = 589 MW 


Note that Q L /Q H = 0.44, implying that 44% of the energy extracted from 
the coal is dumped into the sea. 

(b) When T H = 750°C, 


r| Carnot 1 , 


750 + 273 


no. = 0.80r\ Canl „ = (0.80) (0.73) = 0.58 


Qh = 


W 

no. 


(750) 

(0.58) 


= 1293 MW 


and 


Ql = Qh —W = 543 MW 


These results show that Q, decreases and r \ Camo t increases with increasing Th- 
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Example 3.5: Losses Related to Imperfect Fuels 

Natural energy resources may contain humidity and impurities. The mass frac¬ 
tion and the chemical structure of the impurities are very important, since these 
can cause serious damage in the combustion chamber. Furthermore, dangerous 
exhaust gases can be formed. Humidity in fossil fuels can also cause problems 
and decrease in the power plants’ thermodynamic efficiency. In this example, 
we will analyze the environmental impact of a thermal power plant, which uses 
moist lignite as the energy resource. 

For this analysis, we will use the thermodynamic data calculated for the 
power plant in the previous example, which absorbs a heat of 1293 MW in the 
boiler. 

Assume that the lignite includes a legible amount of impurities. The follow¬ 
ing data are reported for a power plant running on lignite (Kolovos et al., 2002): 


Moisture content on dry basis = (water/dry lignite) x 100 = 50.9% 

Ash content on dry basis = (ash/dry lignite) x 100 = 33.1% 

C0 2 emission rate = (weight of C0 2 emission/weight of dry lignite) x 100 = 8.6% 


The amount of water in 1 ton of moist lignite is calculated as 


Wlwater 
YU dry lignite 


= 0.509; 


, 1 r '' l water 
therefore, — tfldry lignite 

0.509 ^ s 


till vater 5" ^dry lignite 1 ton 


YYl w aler 


VI water 

0.509 


1 ton; we may calculate from this equation that 


m water = 0.337 ton and m ir y Ugnite = 1 -0.337 = 0.663 ton, implying that 1 ton of 
moist lignite contains 0.337 ton of water and 0.663 ton of dry matter. 

When moist lignite is fed into the combustion chamber, a portion of the com¬ 
bustion heat is used up to evaporate and superheat the moist inside the lignite. 
Assuming that the moist lignite is fed into the chamber at 5°C and 1 atm and the 
exhaust gases are discarded at T H and 1 atm, then the heat used to evaporate and 
superheat the water inside the lignite is calculated as 

Cwater Y}l water (hy. atm&T h 5°C ) 


We need to first determine the hf @5 ° c and /i@i a tm8tr H with Xsteam: 

XSteam( 1 hL_t 1 ,5) returns 21.0 kJ/kg 
XSteam('h pt',10,750) returns 4039.3 kJ/kg 
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q« a ,er =337- kgWat6r . (4039.1 - 21.0) —L 

ton moist lignite kg water 


= 1354.17- 


kj 


ton moist lignite 

The required total amount of the heat released by combustion is then 

Mmoist lignite,lignite (1 Y^^moist lignite (^@1 atm&Tn 5°C ) + Qh 

Heating value of dry lignite is 15 MJ/kg. The mass flow rate of the moist lignite 
required for this power plant is calculated as 


‘■moist lignite 


_ Qh _ 

y^hc,ligtiite (1 y) (k@l atm&Tjf kj@ 5°c) 

__ 1293 MW _ 

_ 0.663 -15 MJ/kg - 0.337 ■ 1.354 MJ/kg 

= 136.27 kg/s 


The amount of ash, which would be produced in the combustion chamber, is 
calculated as 


/ • A 

m ash 

( ' \ 
Wldry lignite 

K Wldry lignite y 

v Wl mo ist lignite y 


™ m <mtUgnite = (0.331) (0.663)136.27 
= 29.90 kg/s 

Remark: The heat used to evaporate the water content of the lignite can be 
saved, if lignite is dried before it is fed into the combustion chamber. If waste 
heat can be employed for this purpose, then the overall efficiency of the power 
plant can be enhanced, and also C0 2 and ash emission would be decreased. If 
85% of the lignite water content can be removed, then the mass flow rate of the 


tri/noist lignite 


Qh 


y^Klignite (1 y)0.1 5(/l@] atm&Tjr hg@ ioo°c) 


1293 MW 

~~ 0.663• 15MJ/kg-0.337-0.15• ((4039.3-2674.91/1000) MJ/kg 
= 130.92 kg/s 

The amount of ash, which would be produced in the combustion chamber, is 
decreased to 


n^moist lignite — (0.331) (0.663)130.92 
= 28.73 kg/s 


m ash 1 

f ■ \ 

Wldry lignite 

v Wldry lignite J 

^ Wlmoist lignite y 
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3.1.7 Heat Pumps 

Heat pumps are thermodynamic cycles that consume work to transfer heat from a low- 
temperature reservoir to a high-temperature reservoir. Air-conditioning devices and 
refrigerators operate as heat pump cycles. We may consider the heat engine and the heat 
pump as opposites for practical purposes (Figures 3.15 and 3.16). 



FIGURE 3.15 Heat engine and the heat pump are reverse processes. Heat engine converts heat 
into work, when heat flows from the high-temperature sink at T h to the low-temperature sink 
at T l , while the heat pump consumes work to pump heat from low-temperature sink at T c to the 
high-temperature sink at T h . 



FIGURE 3.16 Schematic drawing of a heat pump. 
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The coefficient of performance (COP) is defined as the ratio of the heat removed from 
the cold reservoir to the work input as 


COP = 


Ql 

W 


When the temperature T H of the hot reservoir and temperature T L of the cold reservoir 
are too far away, then we may employ a cascade refrigeration system, where the cooling 
is achieved through smaller steps (Figure 3.17). 


Condenser 


Pressure- 
reducing 
valve 


Interchanger 
(evaporator 
and condenser 
are combined 
in the same unit) 


Evaporator 


Compressor 



FIGURE 3.17 Schematic drawing of a cascade refrigeration system. 
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Example 3.6: Coefficient of Performance of Ammonia-Carbon Dioxide 
Cascade Refrigeration System 

Getu and Bansal (2008) suggested a carbon dioxide (low-temperature circuit) 
and ammonia (high-temperature circuit) cascade refrigeration system for 
supermarkets (Example Figure 3.6.1). 

The condenser of the high-temperature circuit running with ammonia is 
placed on the roof. Evaporator of the low-temperature circuit running with 
carbon dioxide is located in the cold room. The temperature versus entropy 
and the pressure versus enthalpy plots for the system are given in Example 
Figure 3.6.2. 

For the ammonia circuit T t = —5°C and T a = 40°C, for the carbon dioxide 
circuit T h = 0°C and T L = -30°C. Assume that the condensers and the evapora¬ 
tors are isobaric, and the compressors are isentropic units. The data that are 
presented in Example Table 3.6.1 are extracted from Example Figure 3.6.2. 


Condenser 
on the roof 


Interchanger 
(evaporator 
and condenser 
are combined 
in the same unit) 
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EXAMPLE FIGURE 3.6.1 Schematic drawing of the ammonia and carbon diox¬ 
ide cascade refrigeration system. 
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EXAMPLE FIGURE 3.6.2 Temperature versus entropy (a) and pressure versus 
enthalpy (b) diagrams of carbon dioxide and ammonia. 


We should have ^evaporator') ammonia {^condenser) carbon dioxide- 

Therefore, (»Xnh 3 )(Vh 3 -^nh 3 ) = (wco 2 )(/! 4 co 2 -h 1C02 l and if m C02 =lkg/s, 
we must have m NH3 = 0.33 kg/s. 

We may calculate the coefficient of performance of the system as 


COP = 


evaporator JCO 2 ^Vx); 


(350) (1) 


compressor )nH 3 XTXnH 3 3 ” (w compressor )c02 bblcOi ( 250 )( 0 . 33 ) + ( 125 )( 1 ) 


= 1.7 
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EXAMPLE TABLE 3.6.1 Thermodynamic Data Extracted from Example Figure 
3.6.2 and Calculation of the Compressor Works and the Heat Loads of Each Heat 
Exchanger 


Circuit 

Point 

p (kPa) 

T (°C) 

s (kj/kg K) 

h (kj/kg) 

w or q (kj/kg) 

lco 2 

1000 

-30 

2.2 

475 

W compressor ^2C0 2 ^1C0 2 125 

2co 2 

7000 

110 

2.2 

600 

condenser ^3C0 2 ^2C0 2 475 

3co 2 

7000 

0 

0.9 

125 

W wa lf = h 4 c0 2 ~ ^3C0 2 = 0 

4co 2 

1000 

-30 

0.9 

125 

evaporator ^1C0 2 ^4C0 2 350 

1nh 3 

400 

10 

6.0 

1650 

W compressor ^2NH 3 ^1NH 3 250 

2nh 3 

4000 

160 

6.0 

1900 

condenser ^3NH 3 ^2NH 3 1550 

3nh 3 

4000 

40 

0.9 

350 

W wa lf = ^4NH 3 — ^3NH 3 = 0 

4nh 3 

500 

-5 

1.6 

350 

evaporator ^1NH 3 ^4NH 3 1300 


Example 3.7: Drying Heat Pump 

Drying is an energy-intensive process. Heat pump dryers are among the 
equipment employed for the drying of biological, for example, agricultural, 
food, wood, and microbial commodities (Cardona et ah, 2002; Hepbasli et al., 
2010; Minea, 2013a,b). A simple heat pump dryer is pictured in Example 
Figure 3.7.1. 



Expansion valve 


EXAMPLE FIGURE 3.7.1 A simple heat pump dryer is pictured in the following. 
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EXAMPLE TABLE 3.7.1 Exergy of the Electricity and Exergy Destruction in Each 
Unit of the Dryer 


Unit 

Exergy of the Fuel Used for 
Running the Unit (kj/s) 

Exergy Destroyed in the 
Unit (kj/s) 

Dryer 

5.983 

0.274 

Heat recovery unit 

1.193 

0.701 

Evaporator 

0.528 

0.070 

Compressor 

6.513 

3.101 

Condenser 

1.734 

0.232 

Expansion valve 

4.577 

1.221 

Total 

20.528 

5.599 


Source: Data adapted from Hepbasli, A. et al., Dry. Technol, 28,1385, 2010. 


Exergy of the product leaving each unit and the exergy of the fuel, for exam¬ 
ple, electricity for running each unit, and exergy destroyed in each unit were 
reported in an experimental heat pump dryer as given in Example Table 3.7.1. 
We may calculate the exergy efficiency of the process as 

OXdestroyed . 5.599 

T1 = 1-— =1-= 0.73 

ex^ 20.528 


3.2 Carnot Engine Analogies in Natural 
and Biological Phenomena 

Even though Carnot cycle attracted little attention when it was proposed by Nicolas 
Leonard Sadi Carnot in 1824 (Carnot, 1824), it became one of the fundamental theo¬ 
ries of thermodynamics in the forthcoming years. There are numerous studies in the 



FIGURE 3.18 Schematic drawing of the energy uptake from the sun to maintain life on earth in 
analogy with the Carnot model. 
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literature, where relatively less known phenomena are modeled by establishing analogy 
with the Carnot cycle. Carnot cycle has been a model to describe natural phenomena, 
too. For example, Patzek (2004) describes the energy uptake from the sun to maintain 
life on earth in analogy with the Carnot model as described in Figure 3.18: 

Another example is the Carnot analogy of the hurricane work production (Emanuel, 
1991), as described in Example 3.8. 


Example 3.8: Estimation of the Devastating Power of a Hurricane 


Hurricane is a specific name given to the storms in the Atlantic and eastern 
Pacific. There are similar storms in different parts of the earth caused by similar 
reasons. A mature hurricane may be regarded as a Carnot cycle driven by the 
disequilibrium between the tropical oceans and atmosphere (Emanuel, 1991). 
We may describe it schematically as given in Example Figure 3.8.1. 

This model suggests that air gets heat and collects entropy on the surface of 
the ocean, at T h , then ascends adiabatically to the higher levels of the atmo¬ 
sphere, where entropy is lost with electromagnetic radiation to the universe at 
constant temperature T c . Heat received by the air at the surface of the ocean may 
be expressed approximately as q h = T h (s h —s c ), and heat released to the universe 
at the higher levels of the atmosphere may be approximated as q c = T c (s c —s h ). In 
order to complete the cycle, air goes back to the surface of the earth; meanwhile, 
the vortex is generated, which performs the devastating work, for example, 
destroys the buildings. When the temperature on the surface of the ocean is 
30°C, and the temperature of the higher level of the atmosphere is T c = — 60°C. 
The maximum work production of the hurricane will be 


T c _, -60 + 273 

^camot cycle 1 1 

i/j jU + Z/ J 



EXAMPLE FIGURE 3.8.1 Carnot analogy model of hurricane. 
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The efficiency of a Carnot engine is r\ carnot cyde = wlq h , then we may calculate 
the maximum work produced by the hurricane as W = (r\ carnot cyde)(Qh)- When 
q h = 10 s J/m 2 and the heat transfer area is 800,000 km 2 , for example, about the 
same area of Turkey, or two times the area of California, the work produced 
by this hurricane will be 


w = (T Umo,cycuKqk) = (0.3)(10 8 J/m 2 )(800,000 km 2 ) 

V 


1,000 m 
lkm 


= (2.4xl0 19 J) 


1GJ 


= 10 10 GJ 


This is the maximum amount of the work produced by the hurricane, even 
if only 1% of it should be employed to devastate the environment, it will be 
about 10 8 GJ. 


Sorgiiven and Ozilgen (2015) proposed a Carnot analogy for muscular work production 
as described in the following Example 3.9. 


Example 3.9: Carnot Cycle Analogy of Work Production by the Muscles 

Energy extracted from high-energy nutrients via metabolic pathways is used 
to fuel the cellular work. Sorgiiven and Ozilgen (2015) established an analogy 
between the work production by the muscle cells and Carnot engine (Example 
Figure 3.9.1). 

In this analogy, one muscle cell is considered similar to the Carnot engine. This 
cell extracts energy from the high chemical potential reservoir, for example, 0 2 , 
glucose, and fatty acid-rich blood in the arteries. The waste energy is released in 
the form of chemical energy to the low chemical potential reservoir, that is, the 
blood in veins, which is rich in metabolic waste and C0 2 . The following table lists 
the similar properties in the ideal muscle cell and the Carnot engine. 


Carnot Engine 

Ideal Muscle Cell 

T„ 

Chemical potential of the nutrient-rich blood in the artery, p H 


Chemical potential of the nutrient-poor blood in the vein, p L 

<1h 

The Gibbs free energy extracted from the artery, A G in 


The Gibbs free energy rejected to the vein, A G out 

w 

Muscle work performed via contraction, w = j*F dl, here 


F = fiber tension, dl = contraction length 


The primary nutrient of a muscle cell is glucose. Oxidation of glucose via meta¬ 
bolic activity to carbon dioxide and water may be described as 


Glucose + 60 2 —» 6CO> + 6H 2 0 


(E3.9.1) 
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EXAMPLE FIGURE 3.9.1 Carnot engine analogy of work-performing muscle cell. 


EXAMPLE TABLE 3.9.1 Enthalpy and the Gibbs Free Energy Change of the 
Chemicals Contributing to Reaction Given in (E3.9.1) at 310.15 K, pH = 7 with 


7=0.18 


Glucose 

Oxygen 

Water 

Carbon Dioxide 

Ah}, (kj/mol) 

-1267 

-12 

-287 

-701 

A gjj (kj/mol) 

2080 

22 

-149 

-127 


The enthalpy and the Gibbs free energy change of the chemicals contributing 
to this reaction under the conditions prevailing in the cell are given in Example 
Table 3.9.1 (Gen^ et ah, 2013a, b). 

Then we may calculate the enthalpy and the Gibbs free energy change upon 
this reaction as 


and 


Ah.R =^^(X;Ahy ; =-4586kJ/mol 


(E3.9.2) 


1=4 

Agl = ^a.Agy,, = -3862 kj/mol 


(E3.9.3) 
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An actual muscle cell converts the enthalpy of reaction, Ah J, into heat and 
work. Accordingly, the Gibbs free energy of reaction equals to the sum of the 
work produced and the exergy destroyed due to irreversibilities. The energy, 
entropy, and exergy flow in an actual muscle cell is shown in Example Figures 
3.9.2 and 3.9.3. Note that in a muscle cell T system = T body = T 0 ; therefore, heat trans¬ 
fer occurs through an infinitely small temperature difference. This means that 
there is no exergy transfer due to heat transfer. 





EXAMPLE FIGURE 3.9.2 (a) Energy, (b) entropy, and (c) exergy flow diagrams 

for a steady flow ideal muscle cell. 



EXAMPLE FIGURE 3.9.3 Exergy chart of the muscle cell describing the inputs, 
outputs, and the destruction. 
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An ideal muscle cell produces the maximum work by eliminating all the 
internal and external irreversibilities. If all the irreversibilities can be elimi¬ 
nated, then the maximum work and the minimum heat release in a muscle cell 
via reversible processes are calculated as 


rv max 




3862 kj/mol glucose 


q min = ^~'(mh) out {mh) in + w = -724 kj/mol glucose 

where w max = Ag and q min = Ah-Ag of reaction (E3.9.1). 

In Example Table 3.9.2 the maximum work calculated based on the Carnot 
analogy is compared with the experimentally measured muscle efficiencies as 
reported by Smith et al. (2008). 

The first law efficiency of the muscle work is defined as 

W 

ffi=— (E3.9.4) 


The maximum first law efficiency for glycolysis may be calculated after substi¬ 
tuting Ag of the reaction (E3.9.1) for w max in Equation E3.9.4: 


fir, rev 


3862 

4586 


= 84% 


The second law efficiency is defined as the ratio of the actually produced work 
to the maximum available work: 


w 

r[n= - 

Wmax 


W _ W 

A g 'y'(m j b j ) in ~y ,( m > b i 


(E3.9.5) 


EXAMPLE TABLE 3.9.2 First and Second Law Efficiencies of the Muscle Work 
Production 



Theoretical Limit of 
Maximum Work 
Production in a 
Reversible Process 

Theoretical Limit of 

Maximum Heat 

Production when 

No Work Is Done 

Measured 

Minimum Heat 
Release (Smith 
et al., 2008) 

Measured 

Maximum Heat 
Release (Smith 
et al., 2008) 


0 

3862 



w 

3862 

0 

3707 

569 


724 

4586 

879 

4017 

0; 

0.84 

0 

0.81 

0.12 

0// 

1 

0 

0.96 

0.14 


Source: Adapted from Sorgiiven, E. and Ozilgen, M., Int. J. Exergy, 18,142,2015. 
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Equation E3.9.4 implies that w = rpA/i; therefore, the second law efficiency can 
be rewritten as 


R ii = tlr 


Ah 


(E3.9.6) 


The calculated maximum muscle efficiency of an ideal muscle cell compares 
well with the experimental measurements. The efficiency of the mechanical 
power output is estimated to be about 0.36 in rabbit psoas muscle fiber segments 
(He et al., 1999) and about 0.68 in the human first dorsal interosseous muscle 
(Jubrias et al., 2008). 

Between ages 20 and 80, humans lose approximately 20%-30% of their 
muscles. The age-related loss of muscles is also accompanied with the loss of 
the efficiency and related with the mitochondrial functioning and the cellu¬ 
lar energetics (Carmeli et al., 2002). The loss of efficiency in the process sum¬ 
marized by Equations E3.9.1 and E3.9.2 may be associated with the exergy 
loss and irreversibility in the cellular processes (Ketzer and de Meis, 2008; 
Silva and Annamalai, 2008; Lems et al., 2009; The and Lutz, 2011; Mady et al., 
2012; Mady and de Olivera, 2013; Gen$ et al., 2013a; Sorgiiven and Ozilgen, 
2013). Yaniv et al. (2013) argue that the myocardial ATP supply and demand 
mechanisms are age dependent. Although a vast number of papers are avail¬ 
able in the literature, the complexity of the topic implies that there is still 
need for more research to understand the details in the cellular systems, 
which are not studied in detail yet. The decline of muscle work efficiency 
is associated with heart failure (Mariunas et al., 2008; Ribeiro et al., 2012). 
Inefficient calcium ion transportation in the muscles (Barclay, 2008), restric¬ 
tion of the diffusion of ADP from the site that it is produced (Vendelin et al., 
2004; Barclay, 2008), and formation of the localized pools of adenine nucleo¬ 
sides around the sites of ATP use and generation (Joubert et al., 2002, 2008) 
are among the reasons of the failure. The use of partial circulatory support 
devices is hypothesized for treatment of the inefficient muscle work-related 
heart problems (Morley et al., 2007). 

Numerous experimental and analytical studies are performed to determine 
the heat released and work produced via muscle contractions since the pioneer 
work of Hill (Hill, 1938; Reggiani et al., 1997; Holmes, 2006). Until recently, 
the heat released during the glycolysis and ATP hydrolysis was assumed to be 
constant. But recent studies show that heat released during ATP hydrolysis may 
vary depending on metabolic conditions such as Ca 2+ concentration (Ketzer 
and de Meis, 2008). This observation is consistent with the model suggested 
by Gem; et al. (2013a), where the Gibbs free energy and enthalpy difference of 
the reactions leading to Equation E3.9.2 and E3.9.3 were reported to vary sub¬ 
stantially depending on the pH, ionic strength, and metabolite concentration 
in the cell. When 1 mol of glucose synthesizes 30 mol of ATP, the measured 
heat release varies between 879 and 4017 kj for each mole of consumed glu¬ 
cose. When we compare the theoretical maximum limits with the literature 
values given in Example Table 3.9.3; the measured first law efficiencies appear 
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EXAMPLE TABLE 3.9.3 First and Second Law Efficiencies of 
Isolated Muscles Undergoing Full Contraction Cycles 


Muscle 

Tire) 

1i 

0/j 

Tortoise rectus femoris 

15 

0.35 

0.42 

Frog sartorius 

12 

0.25 

0.30 

Rat soleus 

20 

0.17 

0.20 

Mouse soleus 

35 

0.15 

0.18 

Mouse EDL 

35 

0.14 

0.17 


First law efficiencies, ry, are taken from Smith et al. (2008) which present 
the average values reported by Gibbs and Chapman (1974), Heglund and 
Cavagna (1987), and Barclay (1996). The second law efficiencies, r|,„ are 
calculated with Ah = -4586 kj/mol of glucose and A g = -3862 kj/mol of 
glucose (Gem; et al., 2013a). 

dramatically lower. Among the factors complicating the experimental mea¬ 
surements, we may account the fraction of the energy that may be stored in the 
elastic connections between the myofibrils (Linari et al., 2003) and the energy 
that is absorbed during lengthening of the muscle and converted into mechan¬ 
ical work during subsequent shortening (Constable et al., 1997). 


In the following, we will enhance the Carnot -ideal muscle cell analogy to derive a gen¬ 
eral model for biological systems. If we consider an evolved biological system, like the 
human body, instead of one cell, then the thermodynamic system can be sketched as 
shown in Figure 3.19. 

For this macroscopic system, the reservoirs would be the nutrients and the atmo¬ 
spheric air. Blood would remain inside the system boundaries and it would be circulated 
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FIGURE 3.19 


Schematic description of work production by the muscles. 
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FIGURE 3.20 Energy flow in a Rankine cycle like biological system. 

in a closed loop, much like the working fluid in the Rankine cycle. The energy carrier 
in the blood is the adenosine compound ATP, which enables muscles to perform work. 
Figure 3.20 shows the energy flow in such a system. 

This model reduces the whole energy metabolism to two apparent chemical reac¬ 
tions: nutrient catabolism and ATP production. Comparing Figure 3.20 with the 
energy flow diagram of the Rankine cycle (Figure 3.6) shows that the energy metabo¬ 
lism acts like the boiler, which increases the work production potential of the working 
fluid via increasing its enthalpy by transferring Q H . Similarly, the energy metabolism 
increases the work production potential of the adenosine compounds by increasing 
the number of the P-bonds by transferring A h rxn . This additional energy is consumed 
in various metabolic activities by breaking the P-bond and releasing the bond energy. 
Work production restores the working fluid into its original thermodynamic state, 
that is, ADP. 


The overall coupled reactions that make the metabolic activities possible are (Demirel, 
2010; Nelson and Cox, 2013) 


ADP + R —> ATP 


ATP 


ADP + P, 


One of these reactions describes the production of the ATP in the energy metabolism, 
which is then consumed with the following model reaction to do work as described in 
Example Figures 3.9.1 through 3.9.3. The ATP production reactions can be considered 
as reversible, which is a valid assumption, since the cellular biochemical reactions have 
efficiencies higher than 99% (Gen<; et al., 2013a). Even though the elementary reactions 
occurring are almost reversible, there are a number of irreversibilities that can occur 
in a biological system. For example, a cell has to transfer the nutrient and oxygen into 
the system boundaries. External irreversibility will occur if the cellular concentration 
of the reactants is larger than the concentrations in the reservoir. Similarly, depending 
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on the physiological conditions, internal irreversibilities occur and a lesser number of 
ATP can be synthesized per consumed nutrient. It is reported that oxidation of 1 mol of 
glucose can result in 30-38 mol of ATP (Nelson and Cox, 2013). 


3.3 Questions for Discussion 

Q3.1 A power plant produces 300 MJ/h work for electric power generation. Steam 
enters to the turbine at 700°C and 8 MPa. It is discharged isentropically at 20 kPa. 

(a) What should be the flow rate of the steam? 

(b) Calculate the work done by an actual turbine that has the same inlet condi¬ 
tions but operates with an isentropic efficiency of 80%. 

Q3.2 (a) In Example 3.6 operating conditions of a cascade refrigeration system was 
given. If this system operates with actual compressors that have isentropic 
efficiencies of 85%, then calculate the coefficient of performance of the system, 
(b) Calculate the total entropy generated at the compressors. 

Q3.3 Assuming that the cellular metabolism may be summarized with the reactions 
described as 

Energy metabolism (simulated as oxidation of glucose): 


C 6 H 12 0 6 + 60 2 —> 6C0 2 + 6H 2 0 + q E M (Q3.3.1) 

with 

= 6A/ig 02 + 6Ah( iiQ — A/iQ Hi20f . — A?Zq 2 (Q3.3.2) 


Heat 



QUESTION FIGURE 3.3.1 Description of the system around which the mass and the entropy 
balances will be performed. 
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Lipid metabolism (simulated as oxidation of palmitic acid): 


C16H32O2 + 23O2 —^ I6CO2 + 16LLO + Qlm (Q3.3.3) 


with 


qLM = 16A h f COl + 16A/4 20 - A h f Cl6ii3202 - 23AJ& (Q3.3.4) 

The conversion of amino acids to urea: 

C 6 H 12 N20 4 S2 + 7.50 2 -> 5C0 2 + 4H 2 0 + CH4N2O + 2S0 2 + (Jaam (Q3.3.5) 

<Jaam = 5A^co 2 + + ^^ch 4 n 2 o + ~ ^^c 6 Hi 2 n 24 o 4 s 2 “ 7.5A/Jq 2 (Q3.3.6) 

Estimate the amount of the entropy generation by the person depicted in Question 
Figure 3.3.1, after consuming 1 kg of food consisting of 20% carbohydrate, 10% 
lipid, 5% amino acid, and 65% water, if the entropy change of the body is negligi¬ 
bly small. 



4 

Thermodynamic Aspects 
of Biological Processes 


4.1 Biological System and Biological Processes 

In the previous chapter, we categorized mechanical cycles as work-producing (heat 
engines) and work-consuming (heat pumps) systems. Metabolic activities performed 
by biological systems can be categorized similarly as biomass-consuming and biomass- 
producing processes. The driving force of the biological systems is the internal energy 
of chemical substances. Biomass-consuming processes catabolize high-energy-level 
chemical substances (i.e., nutrients) and produce work to sustain cellular activities. 
Biomass-producing processes employ metabolic or solar energy to produce long chains 
of hydrocarbons (Figure 4.1). 

Like the mechanical systems, all biological systems are also governed by mass, energy, 
entropy, and exergy balances. Figure 4.2 shows a general biological system with multiple 
inlet and outlet ports, which are denoted with the subscripts in and out , respectively. 
Chemical species flow in or out of the system boundaries through the inlet/outlet ports. 
Organisms usually control the flow rate and chemical composition at each inlet/outlet 
port either via passive semipermeable membranes (like the epidermis of human skin) or 
via actively controlled gates (like the Na + gates in axons). In general, a biological system 
can be in contact with multiple heat reservoirs. The temperature of the boundary seg¬ 
ment through which the heat qj is transferred is denoted as 7). 

The following equations summarize the governing equations for the system depicted 
in Figure 4.2: 




m out 


_ dmsystern 

dt 


(4.1) 




+ e p + e k )] in - £[m(fc + e t + e k )] out + - W = ^(“ + W)W 

out i 

y,[ms]in ~y Jmslu, +y ^- + S gen = < ^ ms ^ s,e ' n 

in out i 


(4.2) 

(4.3) 
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FIGURE 4.2 Schematic description of a general biological system. 
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'S'[mex] in -'S'[mex] 0Ut +'S'\ l-^_ 
uf Z? i\ 1 w y 

Even in the simplest biological system, hundreds of biochemical reactions occur simul¬ 
taneously, and at any given time, hundreds of biochemical species are present within the 
system boundaries. The mass of each chemical species may change with respect to time, 
depending on the net influx of the species through the ports and the rates of the reac¬ 
tions that produce or generate the species. Thus, the mass balance for the /th chemical 
species in a biological system can be written as 

ttli, u! t f li, out generated ~ consumed f ^ J (4.5) 

in out rxn rxn ^ ^ s y stem 

Chemical species that flow into the system or that is generated via the biochemical reac¬ 
tions in the system maybe excreted out or accumulate in the system. Organisms tend to 
excrete waste but accumulate the useful substances. For example, biomass-consuming 
species, like animals and humans, accumulate the unused nutrients in the form of fat. 
If fat is stored in a biological system, then both the total mass of the system (dm/df) system 
and the total internal energy of the system (dmuldt) system increase. 

4.1.1 Biomass-Consuming Process 

In biomass-consuming processes, long-chain hydrocarbons, such as fats, proteins, and 
carbohydrates are oxidized via energy metabolism. The main purpose of the energy 
metabolism is to produce ATP. ATP is used in a cell to perform work, such as muscle 
contraction. In a complete energy metabolism, nutrients are reduced to carbon dioxide 
and water. In the absence of oxygen, energy metabolism may not be completed, and 
the end product becomes lactic acid instead of carbon dioxide. Figure 4.3 shows the 
energy flow of a steady-state energy metabolism. The difference in the energy levels of 
the inflowing and outflowing chemicals is converted into metabolic heat and work. The 
amount of the work produced depends on the efficiency of the system. 

Energy metabolism consists of three stages: (1) glycolytic pathway, (2) tricarboxylic 
acid cycle, and (3) the electron transport chain (ETC) as described in Figure 4.4. Glucose 
and oxygen are taken up by the cell through the extracellular matrix, and immediately 
glucose enters glycolysis, producing pyruvate and NADH. This pyruvate enters the citric 


Qi-W -Ex des „ = 




system 


dt 


(4.4) 



FIGURE 4.3 A biomass-consuming process. 
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Glucose 



TCA cycle 
and electron 
transport chain 


FIGURE 4.4 Schematic description of the cellular energy metabolism model. 

acid cycle in the mitochondria, and gets fully oxidized with the help of ETC on the inner 
mitochondrial membrane. The overall output of the system is carbon dioxide and water, 
which are transported to blood. Any work that consumes energy (ATP) in the cell is 
implicitly shown as an ATP sink. Transport events are shown with dashed lines, whereas 
biochemical reactions are shown with solid lines. 

There are models in the literature where the energy metabolism is described with a set 
of representative reactions (Tables 4.1 and 4.2). 

Under anaerobic conditions, after following the glycolytic pathway, pyruvate may 
be converted into either lactate or ethanol. Under the presence of normal levels of 
oxygen, pyruvate and NADH are translocated to the mitochondria and used to pro¬ 
duce 28 mol of additional ATP through the citric acid cycle and then to the electron 
transport chain; in this case, carbon dioxide and water are produced instead of lactate 
or ethanol (Berg et ah, 2002). 

Understanding the thermodynamic aspects of the energy metabolism would enable 
us to gain insight on how living organisms are functioning. Questions concerning the 
health state of a cell, aging, and emergence of cellular diseases may be answered by 
understanding how the energy, entropy, and exergy of metabolites are manipulated by 
intracellular reactions. 

In order to perform a thermodynamic analysis, first, we need to define our system 
precisely. Here, we will explain the thermodynamic analysis of the energy metabolism 
based on the model cell proposed by Gen<; et al. (2013a,b). This model cell is in contact 












Thermodynamic Aspects of Biological Processes 


193 


TABLE 4.1 Glycolytic Steps of the Energy Metabolism That Occur in 
the Cytoplasm 

Glu r + ATP C —> G6P C + ADP C 
G6P C —> F6P C 

F6P C + ATP C -> F16BP C + ADP C 
F16BP c -» 2GAP C 

2GAP C + 2Pi c + 2NAD C -> 2(13BPG) C + 2NADH C 
2(13BPG) C + 2ADP t -> 2(3PG) C + 2ATP C 
2(3PG) C —> 2(2PG) C 
2(2PG) C —> 2(PEP) C + 2(H 2 0) C 
2PEP C + 2ADP e -> 2PYR C + 2ATP C 

The following model reactions are employed by Gem; et al. (2013a,b) to 
represent the glycolytic steps of the energy metabolism. 


TABLE 4.2 Steps of the Energy Metabolism That Occur in the 
Mitochondria 

2(PYR„, + CoA„, + NAD,„ ACoA„, + NADH„, + C0 2 J 
2(ACoA m + OAA„, + H 2 O m CIT,„ + CoA m ) 

2(CIT m -> ISOCITJ 

2(ISOCIT,„ + NAD,„ ^ aKG m + C0 2m + NADH m ) 

2(aKG m + CoA,„ + NAD„, -> SCoA„, + C0 2m + NADH m ) 

2(SCoA„, + ADP„, + Pi„, ^ SUC m + CoA m + ATP J 
2(SUC m + (2/3)NAD m —► FUM„, + (2/3)NADH„) 

2(FUM m + H 2 O m —> MAL„) 

2(MAL,„ + NAD„ ^ OAA,„ + NADH,„) 

0 2 „ + 26ADP m + 26Pi m + (34/3)NADH m 28H 2 O m + 26ATP m + (34/3)NAD,„ 

The following model reactions are employed by Gem; et al. (2013a,b) to repre¬ 
sent the tricarboxylic acid steps and the electron transport chain steps of the 
energy metabolism. 


with the extracellular fluid as shown in Figure 4.5. The overall system model cell is 
divided into six subsystems: 

1. Mitochondrion: Here, pyruvate is degraded via the citric acid cycle and the ETC to 
produce ATP, that is, reactions listed in Table 4.2 are occurring here. Mitochondrial 
fluid is assumed to be an ideal solution with uniform T m , p m , and c i m . 

2. Mitochondrial membrane (Tl): One boundary of this system is inside the cyto¬ 
plasm, and the other is inside the mitochondrion (Figure 4.5). No reactions occur 
here. The system Tl transfers the reactants of the mitochondrial reactions from 
cytoplasm to mitochondrion and the products from mitochondrion to cytoplasm. 
The system has uniform temperature and pressure. The concentrations of the 
metabolites vary linearly between the two boundaries. 

3. Cytoplasm: Reactions listed in Table 4.3 occur here. Cytoplasmic fluid is assumed 
to be an ideal solution with uniform T c , p c , and c ic . 
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Glucose Overall reaction 6C0 2 



FIGURE 4.5 The model cell. 

4. ATP sink: The net ATP produced flows into the ATP sink. A stoichiometric amount 
of water flows also in. The subsystem ATP sink represents all the cellular activities 
that need ATP hydrolysis. These may change from cell to cell. For example, a neu¬ 
ron may need ATP hydrolysis to generate an electrical signal, whereas a muscle 
cell may need it for contraction. Products of the ATP hydrolysis (i.e., ADP and P,) 
flow out of the ATP sink, as well as work. This system is also an ideal solution with 
constant temperature and pressure, and a linear concentration gradient for ATP, 
ADP, H,0, andpj. 

5. Cellular membrane for influx (T2): In an actual cell, mass transfer between the sur¬ 
roundings and the cytoplasm occurs through gates, which are distributed nearly 
homogenously along the cellular membrane. Here, we have simplified the mass 
transfer process by defining the subsystem T2 (Figure 4.5) as the only part of the 
membrane that allows influx of metabolites. Through T2, glucose and oxygen are 
transported into the cell. One boundary of T2 is inside the extracellular region, 
and on that boundary, the metabolite concentrations are equal to the concentra¬ 
tions in the extracellular region (c j0 ). The other boundary is inside the cytoplasm, 
where the metabolite concentrations are equal to c ic . 

6. Cellular membrane for outflux (T3): This subsystem is similar to T2, except that 
only the outflux of H 2 0 and C0 2 is allowed here (Figure 4.5). 

Once the system (in this case six subsystems) is defined, the next step of the thermody¬ 
namic analysis is to perform the mass balance. For each subsystem and each metabolite, 
Equation 4.5 is to be solved. Since our model is at steady state, there is no accumulation 
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TABLE 4.3 Thermodynamic Properties of Each Metabolite in the System as Calculated Using the 
Equations Given in Section 2.6 

A mf Akj eXci, RT In [c] ex 

Metabolite [c] (mM) (kj/mol) (kj/mol) (kj/mol) (kj/mol) (kj/mol) 

Acetyl coenzyme A c 


ADP C 

ADP„, 

ADP bUn 

bliPhlou! 

ATP C 

ATP,„ 

l,3-bisphosphoglycerate c 

Citrate m 

Isocitrate„, 

Coenzyme A m 

ATP bUn 

ATP blout 

co 2>WJ 

Dihydroxy acetone 
phosphate c 
Fructose6phos c 
Fractosel6phos c 
Fumarate w 

co 2>c 

co 2)bUn 

c02.bl.0ut 

Glucose c 

G6P C 

GAP C 

Glucose blin 

Glucose blont 

H 2 O e 

h 2 o„, 

a - Ketoglutarate m 

Malate w 

H 2 O bUn 

ff 2 Obl,out 

NAD e 

NAD„, 

NADH C 

NADH,„ 

o 2 , m 

Oxaloacetate m 


1.00E+03 

-1.30 

2.70E+02 

-2644.19 

2.50E+02 

-2644.19 

3.00E+02 

-2644.19 

2.70E+02 

-2644.19 

2.00E+02 

-3632.27 

2.20E+02 

-3632.27 

4.00E+03 

1.14 

1.00E-05 

-1524.00 

3.39E+00 

-3.97 

5.00E-08 

-1.82 

1.00E+00 

-3632.27 

3.10E+01 

-3632.27 

3.80E+01 

-700.59 

1.40E-02 

-3.23 

5.00E+00 

-5.84 

5.00E+00 

-4.45 

6.00E-08 

-779.05 

3.70E+01 

-700.59 

1.00E+00 

-700.59 

7.00E+00 

-700.59 

1.20E+00 

-1267.40 

1.70E-01 

-2281.24 

1.40E-02 

-3.23 

7.00E+00 

-1267.40 

6.00E+00 

-1267.40 

1.80E+02 

-286.70 

2.00E+02 

-286.70 

1.70E-01 

0.00 

9.40E-03 

-2.80 

4.00E-04 

-286.70 

2.60E+01 

-286.70 

5.70E-02 

-10.86 

2.12E+00 

-10.86 

6.40E-03 

-41.93 

2.40E-01 

-41.93 

1.00E-04 

-11.70 

1.70E-07 

0.87 


-69.07 

12,672.50 

-1376.62 

5,851.38 

-1376.62 

5,851.38 

-1376.62 

5,851.38 

-1376.62 

5,851.38 

-2239.05 

6,720.93 

-2239.05 

6,720.93 

-2295.63 

2,977.83 

-943.91 

2,475.46 

-997.98 

2,475.46 

-7.60 

11,850.04 

-2239.05 

6,720.93 

-2239.05 

6,720.93 

-541.25 

414.23 

-1139.87 

2,106.29 

-1369.12 

3,343.03 

-2295.25 

4,212.58 

-513.24 

1,648.98 

-541.25 

414.23 

-541.25 

414.23 

-541.25 

414.23 

-393.80 

2,473.47 

-1280.83 

3,343.03 

-1131.90 

2,106.29 

-393.80 

2,473.47 

-393.80 

2,473.47 

-150.53 

1.99 

-150.54 

1.99 

-659.09 

2,061.23 

-710.33 

1,650.97 

-150.53 

1.99 

-150.53 

1.99 

1100.24 

10,372.87 

1100.24 

10,372.87 

1165.09 

10,372.87 

1165.09 

10,372.87 

17.53 

3.97 

-743.65 

1,650.97 


0.00 

12,603.43 

-3.38 

4,471.38 

-3.57 

4,471.18 

-3.10 

4,471.65 

-3.38 

4,471.38 

-4.15 

4,477.73 

-3.90 

4,477.98 

3.57 

685.77 

-47.50 

1,484.04 

-14.67 

1,462.81 

-61.17 

11,781.27 

-17.81 

4,464.07 

-8.96 

4,472.92 

-8.43 

-135.45 

-28.82 

937.60 

-13.66 

1,960.24 

-13.66 

1,903.67 

-60.70 

1,075.04 

-8.50 

-135.52 

-17.81 

-144.83 

-12.80 

-139.82 

-17.34 

2,062.33 

-22.38 

2,039.81 

-28.82 

945.57 

-12.80 

2,066.87 

-13.19 

2,066.48 

-4.42 

-152.97 

-4.15 

-152.71 

-22.38 

1,379.76 

-29.85 

910.79 

-37.99 

-186.53 

-9.41 

-157.96 

-25.20 

11,447.90 

-15.88 

11,457.23 

-30.84 

11,507.12 

-21.49 

11,516.46 

-41.56 

-20.06 

-58.01 

849.31 

( Continued ) 
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TABLE 4.3 ( Continued ) Thermodynamic Properties of Each Metabolite in the System as 
Calculated Using the Equations Given in Section 2.6 


Metabolite 

[c] (mM) 

Am} 

(kj/mol) 

A kj 

(kj/mol) 

(kj/mol) 

RT In [ c ] 
(kj/mol) 

ex 

(kj/mol) 

Phosphenol pyruvate c 

2.50E-04 

-0.37 

-1237.25 

2,106.29 

-39.20 

829.84 

2-phospho-D-glycerate c 

1.00E-03 

-1.23 

-1395.64 

2,108.28 

-35.63 

677.01 

3 - phospho - d -glycerate c 

2.00E-02 

-1.23 

-1401.80 

2,108.28 

-27.90 

678.57 

0 2>c 

1.00E-04 

-11.70 

17.53 

3.97 

-41.56 

-20.06 

^2,bl, in 

7.00E+00 

-11.70 

17.53 

3.97 

-12.80 

8.70 

^2,bl,out 

6.00E+00 

-11.70 

17.53 

3.97 

-13.19 

8.31 

Pi c 

2.00E+02 

-1303.34 

-1049.70 

871.54 

-4.15 

-182.31 

Pi m 

1.89E+02 

-1303.34 

-1049.71 

871.54 

-4.30 

-182.47 

PibUn 

2.00E+02 

-1303.34 

-1049.70 

871.54 

-4.15 

-182.31 

Pibl,out 

1.70E+02 

-1303.34 

-1049.70 

871.54 

-4.57 

-182.73 

Pyruvate c 

1.00E-10 

-597.09 

-341.02 

1,236.74 

-77.19 

818.52 

Pyruvate w 

1.00E-10 

-597.09 

-341.02 

1,236.74 

-77.19 

818.52 

Succinate^ 

6.50E-01 

-915.46 

-515.43 

1,648.98 

-18.92 

1,114.63 

SuccinylcoA w 

8.00E-01 

-3.56 

-361.63 

13,497.00 

-18.39 

13,116.98 

Lactate c 

1.00E+00 

-688.38 

-298.93 

1,236.74 

-17.81 

920.00 

Lactate bUn 

1.40E+01 

-688.38 

-298.93 

1,236.74 

-11.01 

926.80 

Lactate bl out 

1.20E+01 

-688.38 

-298.93 

1,236.74 

-11.41 

926.40 


within the system boundaries. Accordingly, the net consumption of the metabolite i via 
chemical reactions inside the system boundaries (-> ,, eneratec i + y th icons umed ) 

V i—irxn Z—trxn ’ / 

has to be equal to the net influx of the metabolite into this 

system. Accordingly, mass fluxes of the metabolites can be calculated based on the 
reaction rates. Since the system is at steady state, all of the mass fluxes can be calculated 
as a function of only one reaction rate, for example, the oxygen consumption rate. Note 
that, if the system would undergo an unsteady process, then the ordinary differential 
equations that describe the mass balance of each species have to be solved simultane¬ 
ously. Interested reader can find the details of such an analysis in Genq et al. (2013b). 

Concentrations of the species in the cytoplasm, mitochondria, and blood are either 
taken from the literature (Aubert and Costalat, 2005; Zhou et al., 2005) or estimated via 
a kinetic model (Genq et al., 2011). Mass balance for the overall system dictates 


t'itbhout 


(Ci,M,infill +Njbo 2 ) 

V„U, 


where 

Nj is the stoichiometric constant of the species i 
fro, is the consumption rate of oxygen (mmol/h) 

V in and V out are the volumetric blood flow rate at the inlet and the outlet of the neuron, 
respectively 
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Here, V m = V out = 1 L/h, and b 0l is varied between 0.5 and 4 mmol/h according to the 
results of the kinetic analysis (Genq et al., 2011). 

Now that the mass fluxes and concentrations for each metabolite in each subsys¬ 
tem are calculated, energy and exergy analyses can be performed. For this, we need 
the thermodynamic properties of the metabolites in the cell. Reference conditions 
for standard Gibbs free energy and enthalpy of formation are 298.15 K and 101.0 kPa 
(Szargut et al., 1998). Physiological conditions for the cell are T = 310.15 K, pH = 7, 
with ionic strength I = 0.18 M, and ion concentrations of [Mg 2+ ] = 0.8 mM, [K + ] = 140 
mM, [Na + ] = 10 mM, and [Ca 2+ ] = 0.00001 mM (Li et al., 2010). In Chapter 2, we have 
mentioned that in biochemical systems under physiological conditions, where pH and 
ionic strength are controlled and transformed, thermodynamic properties have to be 
employed. Examples in Section 2.7 demonstrate the calculation of the transformed 
Gibbs free energy and the transformed enthalpy of formation under physiological con¬ 
ditions. Table 4.3 lists the thermodynamic properties of each metabolite in the system 
as calculated using the equations given in Section 2.6. 

The first reaction in Table 4.1, for example, phosphorylation of glucose in the cyto¬ 
plasm is 


Glu c + A l l) —> G6P + ADP l - 


Heat released in this reaction is 

S( nA ^) i --Z( nAh ?L = « 


where 

n i in and n i out are the number of moles of each chemical species i entering (reactants) 
or leaving (products) the system 
A h} is the enthalpy of each chemical species 

Accordingly, the heat released and exergy destruction in the phosphorylation reaction 
are calculated as (Genq et al., 2013a) 


q = 25.8 kj/mol 

The exergy destruction, ex dstrctn , of the phosphorylation reaction of glucose is computed as 


ex dstrctn = exciu + ex atp - ex G6 p - «adp = 28.9 kj/mol 


Note that the exergy transfer via heat transfer is zero, since the boundary temperature 
and the reference temperature are the same. In other words, the term (1 — (T 0 - T ; ))qj 
in Equation 4.4 is equal to (1—(T 0 — Tj))q = 0, since T 0 = T b = 310.15 K. 
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The exergetic efficiency of a reaction may be calculated as 


Prxn = 


products 


where 

[exp w d U cts is the sum of the exergy of products 
'exreactants is the sum of reactants 

Calculations show that the exergetic efficiency of all of the metabolic reactions listed in 
Tables 4.1 and 4.2 are greater than 99% (Gen^; et al., 2013a,b). 

The exergy destruction in each subsystem of Figure 4.5 is listed in Table 4.4. 

If we interpret the total exergy destruction values as listed in Table 4.4, we would 
conclude that most of the exergy is destructed in the mitochondrion. Note that, most of 
the ATP is produced in the mitochondrion. To perform a fair comparison between the 
anaerobic reaction in the cytoplasm and the aerobic reactions in the mitochondrion, 
Table 4.5 shows the exergy destroyed per 1 mol of ATP produced. Cytoplasmic reactions 
destroy nearly three times more exergy that produce 1 mol of ATP. Thus, the efficiency of 
the anaerobic energy metabolism in the cytoplasm is lower than the aerobic metabolism 
in the mitochondrion. 

In order to understand how the biochemical reactions occur, we can analyze the exergy 
flow diagrams of each subsystem. Figure 4.6 shows the exergy flow in the cytoplasm. 

In the cytoplasm, the main exergy carrier is glucose. One mol of glucose 
brings 2062.33 kj of exergy into the cytoplasm. Of this exergy, 118.4 kj is used to 


TABLE 4.4 Exergy Destruction in Each 
Subsystem in Figure 4.5 


Subsystem 

Exergy Destruction (kj) 

Cytoplasm 

262.3 

ATP sink 

669.0 

Mitochondrion 

1247.6 

T1 

17.1 

T2 

32.2 

T3 

22.1 


TABLE 4.5 Exergy Destroyed Per 1 mol of ATP Produced in the System 
Described in Figure 4.5 



Exergy 

Number of ATP 

Exergy Destroyed/mol 

Subsystem 

Destruction (kj) 

Produced 

ATP (kj/mol) 

Cytoplasm 

262.3 

2 

131.15 

Mitochondrion 

1247.6 

28 

44.55 
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FIGURE 4.6 Exergy flow in the cytoplasm. 

produce NADH from NAD and 71.4 kj is used for the conversion of 2ADP + 2P, into 
2ATP + 2H 2 0. In other words, almost 8% of the exergy from glucose is consumed to drive 
production reactions (NADH, ATP), while 12.7% of it is lost due to irreversibilities. The 
main output, pyruvate, carries the rest of the exergy. Considering that glucose is used up 
to produce pyruvate, the cumulative degree of perfection of pyruvate can be defined as 

/ ( mex) ATP 

CT)P A TP, cytoplasm = \ < - = 0.13 

/ (mex) in 

Studies of Gen<; et al. (2013a,b) demonstrate how thermodynamic analyses maybe utilized 
to understand how a cell switches between different metabolic pathways to reduce the 
entropy generation rate or react under varying conditions, such as starvation or hypoxia. 


4.1.2 Thermodynamic Assessment of the Work 

Generated via Biomass-Consuming Processes 

In the previous section, the energy metabolism of a model cell is analyzed in detail by 
considering the biochemical reactions occurring in the cell. We have now a detailed 
information about the biochemical reactions, which produce ATP. The main purpose 
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FIGURE 4.7 Schematic description of the work generation in the cell. 

of the energy metabolism is to generate ATP, which is used by the cell to perform work. 
Work generated via biomass-consuming processes can be used for several purposes, for 
example, transporting of a vital chemical in to the cell, via activating gates on the cel¬ 
lular membrane. Another example can be expressing enzymes that are required for the 
survival of an organism. Since the role of each cell in an organism is different, the way 
that ATP is consumed and, hence, the definition of the work performed are different. In 
this section, we will discuss what happens inside the ATP sink and how work is gener¬ 
ated (Figure 4.7). 

The following examples aim to demonstrate different aspects of the biological work 
and provide methods to estimate it. 


Example 4.1: Work Performance during Building a Spider Web 
by the European Garden Spider, Araneus diadematus 

Orb-web-building spiders have developed highly energy-efficient lifestyles. They 
build their webs with the silk they produce by themselves and then wait at its 
center without moving for the prey to come. Internal energy of the prey sus¬ 
tains all the activities (Example Figure 4.1.1). The silk has a very strong structure 
(Qin et al., 2015) and some parts of it are covered with very effective biological 
glue (Choresh et al., 2009). Spiders may wrap and preserve their prey in their 
silk until eating them. Spider web inspired the production of numerous prod¬ 
ucts. For example, Jin et al. (2013) report fabrication of a chitin nanofiber silk 

















Thermodynamic Aspects of Biological Processes 


201 




Oxygen 


Araneus diademt 


System bound 


Spiral tl 



Frame 


Radial thread 


Water and 
carbon dioxide 


EXAMPLE FIGURE 4.1.1 Schematic drawing of the web of European garden spider. 

biocomposite made of chitin nanofibers embedded in a silk-like protein matrix. 
The energy efficiency of the silken web-making process determines the sustain¬ 
ability of the life of the spiders. They may eat their web and rebuilt it at a different 
location at a very modest energy expenditure. A web may be recycled by using 
only 3.8% of the energy that would be needed to rebuild it from the very begin¬ 
ning, for example, synthesis of the silk for web making (Peakall and Witt, 1976). 

In this example, we will consider building a web with 22 radial threads. There 
are pieces of silk named as spirals between the radiuses (Example Figure 4.1.1). 
Peakall and Witt (1976) calculated the energy utilized by Araneus diadema- 
tus to carry its body for one step as 1.254 x 10 -3 J/[(g body weight)(step)] and 
expressed the energy utilization in number of steps equivalent. The number of 
the steps of spider’s work employed for making the radial and spiral threads 
spirals are given in Example Table 4.1.1: 

(Total number of the steps involved) = (Number of the steps employed in 
making the radial threads) + (Number of the steps employed in making the 
spiral threads) + (The pendulum work) + (Number of the steps needed to 
build the site where the web will be placed in) + (Steps of the nonweb making 
activities involved) 

In our analysis, the number of the steps needed to build the site is referred to 
as the provisional work. Spider swings around like a pendulum in some stages 
of the web-building activity, and this is referred to as the pendulum work and 
expressed in equivalent steps in MATLAB® code E4.1. Mass of the spider is 
taken as m splier = 0.1 g. 
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EXAMPLE TABLE 4.1.1 Number of the Steps of Spiders Work Employed for Making the 


Radial and Spiral Threads 


Radial Thread 
Number 

Number of Steps of 
Spiders Work Employed 
while Manufacturing the 
Radial Thread 

Circle Number (Center 

Is 0, Frame Is 20) 

Number of Steps of 
Spiders Work Employed 
while Manufacturing 
Each Spiral 

i 

22 

i 

i 

2 

21 

2 

i 

3 

23 

3 

i 

4 

18 

4 

i 

5 

17 

5 

2 

6 

13 

6 

2 

7 

17 

7 

2 

8 

19 

8 

2 

9 

20 

9 

2 

10 

21 

10 

3 

11 

22 

11 

3 

12 

21 

12 

3 

13 

19 

13 

3 

14 

17 

14 

3 

15 

15 

15 

3 

16 

15 

16 

3 

17 

17 

17 

3 

18 

19 

18 

3 

19 

19 

19 

3 

20 

20 

20 

3 

21 

21 



22 

22 




Source: Data adapted from Peakall, D.B. and Witt, P.N., Comp. Biochem. Physiol, 54,187,1976. 


MATLAB CODE E4.1 

Command Window 

clear all 
close all 

% ENTER THE DATA 

circleNo=14; % number the spiral circles 
radiusNo=22; % number the radial threads 

energyForOneStep = 1.254e-4; % (J/[(g body weight) (step)]) 
massOfSpider = 0.100; % (g) 

nonWebMakingW = 240; % non-web making work (steps) 

% number of the steps needed to build the spirals in the 1 st 
to 4 th circles from the center is 1 
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% number of the steps needed to build the spirals in the 5 st 
to 9 th circles from the center is 2 

% number of the steps needed to build the spirals in 
the 10 th to 14 th circles from the center is 3 

% vector of the number of the steps of work done to produce 
each spiral thread 

stepsS = [1,1,1,1,2,2,2,2,2,3,3,3,3,31; 

spirals =22; % number of the spirals in each circle 

% vector of the number the steps of work done to produce 
each radial thread 

stepsR = 

[22,21,20,18,17,15,17,19,20,21,22,21,14,17,15,15,17,19,19,20,21,22]; 

% calculate the number of the steps employed while producing 
the radial threads 

sumR = 0; 

for i =1: radiusNo 

sumR= sumR+ stepsR(i); 

end 

% calculate the number of the steps employed while producing 
the spiral threads 

sumS = 0; 

for j =1: circleNo 
sumS= sumS+ spirals*stepsS (j); 

end 

% calculate the pendulum and the provional works 

PendulumWork=3*7*5; % steps equivalent of the pendulum work 
ProvionalWork=7*3*radiusNo; % steps equivalent of the 
provisional work 

% add the steps of the pendulum and provional works to the sum 
sumT = sumR+sumS+PendulumWork + ProvionalWork + 
nonWebMakingW; 

% display the total number of steps of work done to build 
the web 

disp('Total number of steps of work done to build the web ') 
totalNumberOfSteps =sumT 

% display the total work done 

disp('Total work done to build the web (J)') 

totalW = totalNumberOfSteps*energyForOneStep*massOfSpider 
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When we run the code the following lines will appear in the screen 

Total number of steps of work done to build the web 
totalNumberOfSteps = 

1857 

Total work done to build the web (J) 
totalW = 

0.0233 

w W ebbuiiding =(1857 steps) (1.254 x 1CT 4 J/steps g spider) (0.1 g spider) = 0.0233 J. 

The web had a very small weight, 0.1 mg, and the spider performed (0.0233 J)/ 
(0.1 x 10 -3 g) = 233 J/g of work to synthesize it. If the spider would not use the 
readily produced raw material for web making, the cost of the web-building 
process would be (233 J/g)/(0.038) = 6131.6 J/g. In addition to the spider’s use 
of energy sparingly because of the long waiting stages for the prey at the basal 
energy utilization rates, and its ability of recycling the already synthesized 
chemicals, the sustainability of the process is also supported by the strength of 
the web, which made it possible for the spider to produce the thread in the form 
of very thin fibers of light weight. 


Example 4.2: Nectar Collection Energy Efficiency of the Honeybees 

Wasps and bees have very complicated energy utilization schemes. They usually 
do not regulate their body temperature, when they are in the shade. Specific 
heat production rate of the honeybees increases with the ambient tempera¬ 
ture (Schmolz et al., 2002). They benefit from the solar energy to maintain 
their body temperature a few degrees over that of the environment, when they 
are foraging, for example, collecting nectar from the plants, under the sun¬ 
shine (Stabentheiner et ah, 2012). The weight of a honeybee may be 75-165 mg 
(Stabentheiner et ah, 2012). It has a very high capability to do muscle work. 
Thorax, a division of the body that lies between the head and the abdomen, 
accounts for 20%-40% of the honeybee’s body mass, and the flight muscle occu¬ 
pies approximately 75% of the thorax (Harrison and Fewell, 2002). 

Harrison and Fewell (2002) report that a honeybee may carry a nectal load 
of 30 pL (energy content 9 J/pL). Each trip for nectar collection may take on 
the average 30 min, and the metabolic energy cost of a foraging trip at 30°C is 
2.5 J/bee min. Honeybees may make 12 foraging trips/day. Only 10% of the bees 
in a hive are foraging, while the others remain in the hive. In hive, metabolism 
of a honeybee may be assumed to be 0.16 J/bee min. 

Energy of the product is (9 J/pL) x (30 pL/trip) x (12 trips/day) = 3240 J/day. 
Energy cost of the production is the sum of the energy utilized by the foragers 
and the energy utilization by the bees staying in the hive. 

Energy utilization by the foraging bees is (metabolic energy utilization rate/ 
trip) x (duration of a trip) x (number of trips/day): 

= (2.5 J/min) x (30 min/trip) x (12 trips/day) = 30.4 J/day 
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A foraging bee spends 6 h for foaraging and spends the rest of the day in the 
hive; 10% of the bees forage, and the rest stays in the hive. Energy expenditure 
of the bees staying in the hive is 

[(18/24) x (0.10) + (24/24) x (0.90)] x (0.16 J/min) 

x (60 min/1 h) x (24 h/day) = 224.6 J/day 

Energy of the product _ 3240 J/day -\2 1 

Energy cost of production 30.4 (J/day) + 224.6 (J/day) 

These results imply that under the given conditions, the honeybees provide 
12.7 times of the energy they utilize. 


Example 4.3: Thermodynamic Assessment of the Argument That 
the Oriental Wasp, Vespa orientalis, Flight May Be Achieved 
Employing the Sunshine as the Exclusive Energy Source 

Recent experimental studies suggest that the solar energy absorbed by the cuti¬ 
cle at the outer body surface of the oriental wasp may be converted to electricity 
and then the electric power may be employed to perform muscle work (Ishay, 
2004; Ishay et al., 2004). Biological details of this phenomenon are not known 
yet. In this example, we will assess whether it is thermodynamically possible for 
a hornet to fly with an energy taken from the sunlight without consuming any 
organic matter. System boundaries for the mass and energy balances of hornet 
flight are given in Example Figure 4.3.1. 

The hornet that is subject to this assessment has an average metabolic rate of 
120 J/kg s, maintains stable body temperature, has a surface area of 2.5 x 10" 3 m 2 
to absorb the sunshine, and receives 941 J/m 2 s of solar energy when the atmo¬ 
spheric temperature is 25°C. 

In this case, we can formulate the first law of thermodynamics as 

£,„-x^' + Z Q '~ w=d£ jr 

in out i 


Work Heat 



flight. 
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The nutrient consumed in the metabolic pathway will be neglected in this anal¬ 
ysis. The only form of energy that is consumed by the hornet is assumed to be 
solar energy, E s . When the wasp is flying under the steady-state conditions with 
m in = m out = 0 , the first law expression is 

E s -Q-W= 0 

The solar energy input to the system is 

E s = (941 J/s m 2 )(2.3xl0 “ 3 m 2 ) = 2.35xl0 “ 3 J/s 


The maximum voltage and current measured on the cuticles of the wasp is 
180 mV and 6 pA (Ishay, 2004); if the wasp can achieve to convert the voltage 
times current into the muscle work, then we can calculate the work as 


W = (180 mV) (6 pA) 


f J/s 1 

f 1V ] 

f 1A I 

V (V) (A) J 

v 1000 mV ; 

ll0 6 pAj 


= l.lxl0 " 6 J/s 


The muscle work done by the wasp appears to be three orders of magnitude 
smaller than the solar energy received, and then the heat released from the 
system via convection and radiation may be calculated as 


Q = £ s -W = 2.35xl0 ~ 3 J/s 


The entropy balance around the wasp is 


Xs,»-Z s - + - +s -=— 


T„ 


dt 


Since there is no mass flow, the inflowing entropy is the entropy of the solar 
radiation, which is defined as (Petela, 2010) 


where 

e is the emissivity of surface 

o is the Boltzmann constant for black radiation (o = 5.6693 • 10 -8 W/(m 2 K 4 )) 


Entropy of solar radiation is calculated as the same as s s of the earth, that is, 
1.272 J/s m 2 K (Wu and Liu, 2010). The heat transfer surface area of the wasp is 
(1.272 J/s m 2 K)(2.5 x 10 ~ 3 m 2 ) = 3.18 x 10 “ 3 J/s K. If 


Q 

T 


(2.35xlQ~ 3 ) J/s 
(273 + 25) K 


= 7.9xl0 " 6 J/s K, 
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then we may calculate the entropy generation rate as 

S jm =^-S s =3.17xl0“ 3 J/sK 

Under these conditions, the rate of exergy destruction is 

fic*.=yW,) = (3.17xl0- 3 J/sK)(273+ 25)K = 0.95J/s 

The results obtained here do not conflict with the physical and biological facts; 
therefore, we may say that the argument claiming the oriental wasp converting 
the absorbed solar energy to electric current and then using that for performing 
the muscle work may be correct, but we need more data regarding the biological 
details including the metabolic pathways to accept the argument. 


Example 4.4: Propulsion Work Done by the Squid 

Squid is an animal that attracts attention of scientists working in different 
fields. Scientists working on hydrodynamics study squids to understand how 
it fills its mantle cavity with water and ejects it at a very high speed forming a 
vortex ring and accelerating the squid rapidly. Neuroscientists prefer to work 
on squids because of its giant axon that allows easy experimentation. In this 
example, we chose squid to demonstrate how the calculation of work changes 
with respect to the choice of the system boundaries. 

Squid anatomy consists of a prominent head, eight arms, two tentacles, and a 
mantle. The mantle consists of muscles in a conical shape, encloses vital organs 
and the mantle cavity. Openings on each side of the prominent head are used 
to draw water into the mantle cavity, and then water is ejected from the mantle 
cavity via contractions of mantle muscles at different speeds to provide the 
squid with the necessary momentum for propulsion (Example Figure 4.4.1). 
Squid has two modes of motion. Normally, its mantle cavity contractions are 
weak and swimming speed is low. In case of emergency, powerful contractions 
occur, which is referred to as jet propulsion. 

Contraction of the mantle cavity wall to discharge water from the squid’s 
nozzle requires mechanical work. This mechanical work may be calculated with 
the integral 


w = 



where 

p is the water pressure inside the mantle cavity 
dv is the change in the mantle volume 

The volume of the mantle cavity is V = I nr 2 dx, where r is the radius of the 

Jo 

mantle cavity at the point x and L is squid’s dorsal mantle length (Example 
Figure 4.4.2). 



Diameter (m) 
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EXAMPLE FIGURE 4.4.1 Schematic description of the jet escape of the squid. 
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EXAMPLE FIGURE 4.4.2 Change of a mantle cavity diameter with time during 
ejection of water. 
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Volume change of the squid’s mantle cavity can be modeled as a sinusoidal 
motion with respect to time as 



Geometrical details and the pressure inside the mantle cavity are found in the 
literature as a time-dependent data set. Furthermore, stress on the mantle wall 
fibers from the muscle contraction was measured via electromyography. The 
work done by the mantle cavity can also be also calculated as a function of the 
muscle contraction force and displacement as 



MATLAB code E4.4 calculates the work performed by the squid by using both 
w = jpdv and w = \Fdl during both slow swimming and jet escape modes: 

MATLAB CODE E4.4 

Command Window 

clear all 
close all 

% Fast Swiming ***************************** 

% Fast Swiming ***************************** 

% Volume Part 
syms x 

t=0.004; %thickness 

% L = 15 cm DML in our squid example. 

% L=0.150; %Length 

% Bartol et al. 2001 examines squid lenght of 4.4 cm DML 
L=0.044; %Length 

counter=l; 
res=150; 

%Pressure Part 

% A: relative mantle diameter information from Gosine and 
DeMont (1985)_Biomimetics_jet propelled swimming in Squids 

A= [1.069; 1.069; 1.069; 1.068; 1.063; 1.059; 1.048; 1.032; 
1.019; 1.004; 0.985; 0.962; 0.944; 0.933; 0.917; 0.898; 

0.890; 0.877; 0.860; 0.846; 0.834; 0.821; 0.812; 0.806; 

0.798; 0.789; 0.779; 0.773; 0.769; 0.765; 0.762; 0.760; 

0.757] ; 
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A = transpose(A); 

%Z: pressure inside the mantle cavity information from 
Gosine and DeMont (1985)_Biomimetics_jet propelled 
swimming in Squids 

Z=[0; 13.037; 20.067; 23.401; 24.060; 24.481; 24.796; 

24.890; 24.748; 24.665; 24.432; 23.648; 22.200; 21.651; 
20.510; 18.886; 17.605; 15.625; 13.919; 12.195; 10.435; 
9.002; 6.784; 5.266; 4.364; 3.146; 2.001; 1.055; 0.521; 
0.126; -0.168; -0.650; -1.269]; 

Z = transpose(Z); 

% Z=1000*Z; % to convert the pressure from kPa to Pascal unit 

Z=10*Z*0.8; % Finke et al. (1996) pressure in the mantle 

cavity was correlated with the body length. 

% Therefore, 250 Pa mean pressure was obtained by 
multiplying 10 from kPa to Pascal unit 


A=A*(0.025); % Radius is given as 25mm. So, by multiplying 
with 0.025 relative diameter 

% became radius of this specific squid. The unit is in meters. 


Thick=linspace(0.0035,0.005,33); 
T=Thick; 

A=A-Thick; 


for i=l:length(A) 

V(i)=double(int(pi*(A(i)*sin(x*pi/(2*L))) A 2,0,L)); % 
Volume calculation from radius, 
end 


% figure, plot(V,Z, 1 + 1 ); grid on; title( 1 Pressure vs Volume 
(Pa vs m 3 )') 

W_PdV_FAS T _in_joule = trapz(V,Z) 

% 65 gram squid mean mass and 0.32 second is the period for 
fast mode. 

W PdV FAST in joule per second per gram = trapz(V,Z)/0.32/65 
% Result is negative because pressure (Z) rises when volume 
(V) decreases. 

% Relative mantle diameter values as adapted from Gosline 
and DeMont (1985) 

X = [1.098417558; 1.094866014; 1.087940502; 1.078622472; 
1.0651056; 1.053471428; 1.043710409; 1.03213352; 
1.022405917; 1.005712704; 0.990258712; 0.978758201; 
0.960325495; 0.949458915; 0.935580205; 0.922614204; 
0.911175749; 0.900635682; 0.883192062; 0.863081919; 
0.848107196; 0.836144601; 0.825406908; 0.81498618; 
0.805761712; 0.798045696; 0.791525939]; 


X = transpose(X); 
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% Curve interpolation stress values as adapted from from 
Gosline and DeMont (1985) 


Y = [102.6272199; 137.2659155; 154.8113719; 170.4225733; 
183.4372648; 


204.4629801; 
205.9095343 ; 
193.0693967; 
159.7984912; 
117.4234119; 


192.0682177; 
207.3279243 ; 
203.8282529; 
189.4164934; 
150.1272159; 
107.1949005; 


196.9461811; 
208.3216248; 
200.7483384 ; 
181.8583233; 
139.5308206; 
97.93351674] 


201.7926388; 
208.1220891; 
197.3688021; 
170.4683997; 
127.9935525; 


Y = transpose(Y); 

% figure, plot(X,Y, 1 + 1 ); grid on; 

% Y = Y*1000; % to convert the stress from kPa to Pascal unit 

Y = Y*10*0.8; % Finke et al. (1996) only 10 is used because 

pressure inside the 

% mantle cavity is proportional to the stress at the 
circular muscle. 


X1=X; 

X=X*(0.025) ; 

Thick=linspace(0.0035,0.005,27) ; 

X=X-(Thick/2) ; 

for k=l:length(X) 
for i=l:res 

pn(k,i)=2*pi*X(k)*sin(i*pi/(2*res)); %Volume 
end 

end 

% Obtaining force from pressure times area. Y is the 
pressure. 
for i=l:length(X) 

F(i)=Y(i)*Thick(i)*(L/res); 

end 

for c=l:res 

W_Fdl_m(c)=trapz(pn(:,c),F); 
end 

W_Fdl_FAST_in_joule = sum(W_Fdl_m) 

% 65 gram squid mean mass and 0.32 second is the period for 
fast mode. 

W_Fdl_FAST_in_j oule_per_second_j?er_gram = sum(W_Fdl_m)/0.3 2/6 5 

time= [0.000; 0.010; 0.020; 0.030; 0.040; 0.050; 0.060; 
0.070; 0.080; 0.090; 0.100; 0.110; 0.120; 0.130; 0.140; 

0.150; 0.160; 0.170; 0.180; 0.190; 0.200; 0.210; 0.220; 

0.230; 0.240; 0.250; 0.260; 0.270; 0.280; 0.290; 0.300; 

0.310; 0.320] ; 

% Slow Swimming ************************* 

% Slow Swimming ************************* 
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tl=0.004; 

% L1=0. 150 ; 

L1=0.044; 

counterl=l; 

resl=150; 

%Pressure Part 

% A1: relative mantle diameter information from Gosline and 
DeMont (1985)_Biomimetics_jet propelled swimming in Squids 

Al=[0.997; 0.998; 0.998; 0.997; 0.993; 0.986; 0.980; 0.973; 
0.968; 0.960; 0.953; 0.946; 0.939; 0.932; 0.925; 0.919; 
0.911; 0.905; 0.901; 0.895; 0.894; 0.892]; 

A1 = transpose(Al); 

%Z1: pressure inside the mantle cavity information from 
Gosline and DeMont (1985)_Biomimetics_jet propelled 
swimming in Squids 

Zl= [0.049; 0.752; 1.331; 1.656; 1.919; 2.182; 2.379; 2.513; 
2.647; 2.718; 2.662; 2.668; 2.738; 2.745; 2.751; 2.634; 
2.515; 2.272; 2.029; 1.724; 1.358; 0.500]; 

Z1 = transpose(Zl); 

% Z1=1000*Z1; % to convert the pressure from kPa to Pascal 

unit 

Z1=10*Z1*0.8; % Finke et al. (1996) pressure in the mantle 

cavity was correlated with the body length. 

% Therefore, 250 Pa mean pressure was obtained by multiplying 
10 from kPa to Pascal unit 

A1=A1*(0.025); % Radius is given as 25mm. So, by multiplying 
with 0.025 relative diameter 

% became radius of this specific squid. The unit is in meters. 

Thickl=linspace(0.0035,0.00371,22); 

Tl=Thickl; 

A1=A1-Thickl; 

for i=l:length(Al) 

VI(i)=double(int(pi*(Al(i)*sin(x*pi/(2*L1)))*2,0,LI)); 

% Volume 

end 

% figure, plot(VI,Zl, 1 + 1 ); grid on; title('Pressure vs 
Volume (Pa vs m 3 )') 

W_PdV_SLOW_in_joule = trapz(Vl,Zl) 

% 65 gram squid mean mass and 0.32 second is the period for 
fast mode. 

W_PdV_SLOW_in_j oule per second per gram = 
trapz(VI,Zl)/0.44/65 

%Curve interpolation Stress Values from article by Gosline 
and DeMont (1985) 


%thickness 

%Length 

%Length 
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% Read the sample data with 11 points. 

XI = [1.005712704; 0.990258712; 0.978758201; 0.960325495; 
0.949458915; 0.935580205; 0.922614204; 0.911175749; 
0.900635682; 0.883192062]; 

XI = transpose(XI); 

Y1 = [207.3279243; 208.3216248; 208.1220891; 205.9095343; 
203.8282529; 200.7483384; 197.3688021; 193.0693967; 
189.4164934; 181.8583233]; 

Y1 = transpose(Yl); 

% figure, plot(XI,Yl, 1 + 1 ); grid on; 

% Yl = Yl*1000; 

Yl = Yl*10*0.8; % Finke et al. (1996) only 10 is used 

because pressure inside the 
% mantle cavity is proportional to the stress at the 
circular muscle. 

X2=X1; 

X1=X1*(0.025) ; 

Thickl=linspace(0.0035,0.00371,10); 

X1=X1-(Thickl/2); 

for k=l:length(XI) 
for i=l:resl 

pnl (k, i)=2*pi*Xl(k)*sin(i*pi/(2*resl)); %Volume 

end 

end 

% Obtaining force from pressure times area. Yl is the 
pressure. 

for i=l:length(XI) 

FI (i)=Y1(i)*Thickl(i)*(Ll/resl); 

end 

for c=l:resl 

W_Fdl_ml (c) =trapz (pnl (: , c) , FI) ; 

end 

W_Fdl_SLOW_in_joule = sum(W_Fdl_ml) 

W_Fdl_SLOW_in_j oule per second per gram = 
sum(W_Fdl_ml)/0.44/65 

timel= [0.00; 0.03; 0.07; 0.09; 0.12; 0.15; 0.17; 0.18; 

0.21; 0.22; 0.24; 0.25; 0.27; 0.28; 0.30; 0.31; 0.33; 

0.35; 0.36; 0.38; 0.40; 0.44]; 

% Example Figure 4.3.2 

figure, plot(time,A,'*',timel,Al,'o', 1 MarkerSize',12,... 

'LineWidth',2,'Color',[0 0 0]); xlabel('\sl Time (sec)', 

'FontSize',35,'FontName','Times New Roman'); 
ylabel( 1 \sl Diameter (m)','FontSize',35,'FontName','Times 
New Roman'); grid on; 
size_legend = legend('Jet Escape','Slow 
Swimming','Location', 'northeast'); 
set(size_legend,'FontSize',35,'FontName','Times New Roman'); 
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% Example Figure 4.3.3 

figure, plot(time,T,timel,T1,'o', 1 MarkerSize',12,... 

1 LineWidth',2, 1 Color', [0 0 0]); xlabel('\sl Time (sec)', 

'FontSize',35,'FontName','Times New Roman'); 
ylabel('\sl Thickness (m) ', 'FontSize',35, 'FontName 1 , 1 Times 
New Roman'); grid on; 

size_legend = legend('Jet Escape','Slow SwimmingLocation', 

'northeast'); 

set(size_legend,'FontSize',35,'FontName','Times New Roman'); 
% Example Figure 4.3.4 

figure, plot(time,V,timel,VI,'o', 'MarkerSize',12,... 

'LineWidth',2,'Color',[0 0 0]); xlabel('\sl Time (sec)', 

'FontSize',35,'FontName','Times New Roman'); 
ylabel('\sl Volume (m^3)','FontSize',35,'FontName','Times 
New Roman'); grid on; 
size_legend = legend('Jet Escape','Slow 
Swimming','Location', 'northeast'); 

set(size_legend,'FontSize',35,'FontName','Times New Roman'); 

% Example Figure 4.3.5 

figure, plot(time,Ztimel,Z1,'o', 1 MarkerSize',12,... 

'LineWidth',2,'Color',[0 0 0]); xlabel('\sl Time (sec)', 

'FontSize',35,'FontName','Times New Roman'); 
ylabel('\sl Pressure (Pa)','FontSize',35,'FontName','Times 
New Roman'); grid on; 

size_legend = legend('Jet Escape','Slow 
Swimming','Location', 'northeast'); 
set(size_legend,'FontSize',35,'FontName','Times New Roman'); 

% Example Figure 4.3.6 

figure, plot(V,Z,'*',VI,Z1,'o', 'MarkerSize',12,... 

'LineWidth',2,'Color',[0 0 0]); xlabel('\sl Volume (m^3)', 

'FontSize',35,'FontName','Times New Roman'); 
ylabel('\sl Pressure (Pa)','FontSize',35,'FontName','Times 
New Roman'); grid on; 

size_legend = legend('Jet Escape','Slow Swimming','Location', 
'northwest'); 

set(size_legend,'FontSize',35,'FontName','Times New Roman'); 

When we run the code, the following lines and figures will appear in the screen: 

W_ p dV_FAS T _in_j oule = 

-0.0033 


W_PdV_FAST_in_j oule per second per gram = 
-1.6035e-04 

W_Fdl_FAST_in_joule = 

-0.0090 

W_Fdl_FAST_in_j oule per second per gram = 
-4.3460e-04 



Thickness (m) 
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W_PdV_SLOW_in_j oule = 

-1.5204e-04 

W_PdV_SLOW_in_j oule per second per gram = 
-5.3162e-06 

W_Fdl_SLOW_in_j oule = 

-0.0032 


W_Fdl_SLOW_in_j oule per second per gram = 

-1.1301e-04 

The following MATLAB output figures describe the change of a man¬ 
tle cavity diameter (Example Figure 4.4.2), mantle cavity wall thickness 
(Example Figure 4.4.3), mantle cavity volume (Example Figure 4.4.4), 
mantle cavity pressure (Example Figure 4.4.5) with time, and variation of the 
mantle cavity pressure with volume (Example Figure 4.4.6) during ejection of 
water. 

The force-muscle elongation and the pressure-volume change works cal¬ 
culated during slow swimming and jet escape are summarized in Example 
Table 4.4.1. 

Comparing the calculated pressure-volume change work w = \pdv and 
force-muscle elongation work w = / Fdl shows a large difference for both of the 
swimming modes. The reason for that becomes clear when we investigate the 
muscle structure closely. Microscopic visualization shows that squid mantle 
is made of two types of fibers, that is, superficial-mitochondria-rich (SMR) 
and central-mitochondria-poor (CMP) fibers. CMP fibers make up ca. 88%, 
whereas SMR fibers make up ca. 4% of the total mantle volume. During the 
steady-state swimming , SMR fibers are activated, and ca. 95% of the mantle 
volume remains passive (Example Figure 4.4.7). 
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EXAMPLE FIGURE 4.4.3 Change of a mantle cavity wall thickness with time 
during ejection of water. 
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EXAMPLE FIGURE 4.4.4 Variation of the mantle cavity volume with time 
during ejection of water. 
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EXAMPLE FIGURE 4.4.5 Variation of the mantle cavity pressure with time 
during ejection of water. 


The contraction work done by the muscle fibers is consumed to contract the 
passive tissue and to compress the water filled inside the cavity. Thus, only a 
small fraction of the force-muscle elongation work w = jFdl is transferred to 
pressure-volume change work w = \pdv. The contraction efficiency is 


\pdv 

ti = J,-= 4.7%. 

\Fdl 
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EXAMPLE FIGURE 4.4.6 Variation of the mantle cavity pressure with volume 
during ejection of water. 


EXAMPLE TABLE 4.4.1 Summary of the Force-Muscle Elongation 
Work and Pressure-Volume Change Work during Slow Swimming and 
Jet Escape 



Slow Swimming 

Jet Escape 

Force-muscle elongation work (J) 

-0.0032 

-0.0090 

Pressure-volume change work (J) 

-0.0002 

-0.0033 


Mantle cavity 



ATP 


A small section of 
the mantle muscles 


Passive tissue 
(ca. 95% of the 
mantle volume) 


Engaged SMR fibers 


EXAMPLE FIGURE 4.4.7 Microscopic visualization of the squid mantle and the 
muscles contributing to steady-state slow swimming. 
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Mantle cavity 


A small section of 
the mantle muscles 


ATI 



Engaged CMP fibers 


EXAMPLE FIGURE 4.4.8 Microscopic visualization of the squid mantle and the 
muscles contributing to the fast powerful contractions during the jet escape. 

The ratio of the force-elongation work, used to compress the water inside the 
cavity, is larger during the jet escape, since a larger volume of muscle fibers 
are engaged and the passive tissue makes up only about 5% of the total mantle 
volume. The contraction efficiency during jet escape (Example Figure 4.4.8) is 



= 36.8%. 


Example 4.5: Thermodynamic Analyses of the Energy Metabolism of Squid 

The previous example shows that the contraction efficiency of the squid mantle 
muscle is very low during steady-state swimming compared to jet escape. We 
know from observations that squids try to avoid jet escape swimming unless 
there is an immediate danger or they have to hunt. But why does the squid 
prefer to swim at a low speed when the contraction efficiency is that low? To 
answer that question, we have to model the energy metabolism that produces 
the required ATP for the muscle work production. 

Squid has neither circulatory nor respiratory systems. Oxygen is taken in 
through the inner and the outer surfaces of the mantle. These superficial regions 
of the mantle can access oxygen, therefore here aerobic respiration is possible. 
Squids are evolved to have a large number of mitochondria on both surfaces of 
the mantle (SMR). Oxygen concentration decreases dramatically toward the 
center of the mantle. Therefore, mitochondria would be useless for the cells in 
the center of the mantle. Evolution eliminated any unused cellular metabolites, 
and the central cells are poor in mitochondria (CMP). 
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Finke et al. (1996) measured the 0 2 consumption rate of 9.72 x 10 -4 pmol/(g s) 
for slow swimming. During slow swimming, steady-state aerobic respiration 
occurs, so glucose is consumed in a stoichiometric amount with the intake 
of oxygen, and the products (C0 2 and H 2 0) are transported out of the sys¬ 
tem. For the jet escape, Finke et al. (1996) measured the 0 2 consumption rate 
(16.67 x 10 -4 pmol/(g s)) as well as the changes in the concentration levels for 
several metabolites. Measurements show that during jet escape, some metabo¬ 
lites like ATP and arginine are used up and some metabolites like octopine are 
accumulated. The experimental data of Finke et al. are taken as a basis for the 
thermodynamic analysis. First, the metabolic reactions during steady-state and 
jet escape swimming are modeled. Then, reaction rates are estimated based on 
the experimental concentration changes. Example Figure 4.5.1 shows the mass 
balance for the jet escape mode. 

Thermodynamic properties of the metabolites are calculated via the equa¬ 
tions given in Tables 4.1 and 4.2 by taking the physiological condition in a squid 
cell as I = 0.25 M, pH = 7, T = 298.15 K (Example Table 4.5.1). 

Example Table 4.5.2 shows the reactions occurring in the metabolism, reac¬ 
tion rates, and the A h rxn and A g rxrl . 

Thermodynamic analysis of the steady-state slow swimming shows that oxida¬ 
tion of glucose within the squid mantle releases an exergy of 3.82 J/(kg s). Depending 
whether 30 or 38 mol of ATP is produced per 1 mol of glucose, 0.029-0.037 mmol/ 
(kg s) of ATP is produced. We assume that during slow swimming, ATP concen¬ 
tration remains steady. Accordingly, an exergy of 1.05-1.34 J/(kg s) is stored in the 
produced ATP, which can be converted into mechanical work via muscle fiber 
contraction ( Fdl ). If we define the exergetic efficiency of the respiration as 


P respiration 


Exergy released via ATP hydrolysis 
Exergy released during respiration 


Glucose + O? 




ATP 

—> 


Fiber 

contraction 


Slow swimming 
Aerobic steady 
state respiration 
No mass 
accumulation 



EXAMPLE FIGURE 4.5.1 The mass balance for the jet escape mode. 
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EXAMPLE TABLE 4.5.1 Thermodynamic Properties of the Metabolites Involving in the 
Metabolic Activity 


Metabolite 

Concentration 

(mM) 

Ah at I - 
0.25 M, pH = 

7, T= 298.15 

K (kj/mol) 

Ag at I = 
0.25 M, pH = 
7, T= 298.15 
K (kj/mol) 

ex c h 

(kj/mol) 

RTln (c) 
(kj/mol) 

ex 

(kj/mol) 

Glu 

1.20 

-1267.12 

-426.71 

2,473.47 

0.45 

2,047.21 

G6P 

0.10 

-2279.30 

-1318.92 

3,343.03 

-5.71 

2,018.40 

ATP 

0.36 

-3616.92 

-2292.50 

6,720.93 

-2.53 

4,425.90 

ADP 

0.17 

-2627.24 

-1424.70 

5,851.38 

-4.39 

4,422.29 

NAD 

1.27 

-41.83 

1120.09 

10,372.87 

0.59 

11,493.55 

NADH 

0.24 

-10.26 

1059.11 

10,372.87 

-3.54 

11,428.44 

P, 

1.89 

-1299.36 

-1059.49 

871.54 

1.58 

-186.37 

h 2 o 

1.00 

-286.75 

-155.66 

1.99 

0.00 

-153.67 

PYR 

0.55 

-597.04 

-350.79 

1,236.74 

-1.48 

884.47 

ARG 

0.20 

-277.38 

25.20 

2,466.91 

-3.99 

2,488.12 

OCT 

0.20 

-608.52 

-272.85 

3,701.63 

-3.99 

3,424.79 

sue 

0.065 

-908.70 

-530.64 

1,648.94 

-6.78 

1,111.52 

co 2 

20.00 

-692.86 

-547.10 

414.32 

7.43 

-125.35 

o 2 

0.96 

-11.70 

16.40 

3.97 

-0.10 

20.27 


EXAMPLE TABLE 4.5.2 Reactions Occurring in the Metabolism, Reaction Rates, and the 
A h and Ap - 

,l rxn <*>rxn 

Slow Swimming Mode 

>- ATP produced through the aerobic energy metabolism. 

>- SMR fibers are engaged. 

Reaction Rate A h rxn 

(pmol/(g s)) (kj/mol) A g rxn (kj/mol) 

SMR1 Glu + 60 2 => 6C0 2 + 6H 2 0 6.48 x 10- 4 -1.85 x lO” 3 -4540.34 -3930.39 

SMR2 ADP + P ( . => ATP + H 2 0 1.94 x 10- 2 -7.04 x 10~ 2 -22.93 -36.31 

Jet Escape Mode 

ATP produced both through the aerobic and anaerobic energy metabolisms. 

Mostly CMP fibers are engaged. 




Reaction Rate 
(pmol/(g s)) 

Ah rx „ 

(kj/mol) 

A g„„ (kj/mol) 

CMP1 

Glu + ATP => G6P + ADP 

1.00 x 10- 4 

-22.50 

-21.00 

CMP2 

Glu + 2NAD + 2ADP + 2P f => 

2PYR + 2NADH + 2ATP + 2H 2 0 

6.14 x 10- 3 

182.04 

-381.73 

CMP3 

PYR + ARG + NADH => 

OCT + NAD + H 2 0 

1.02 x 10- 2 

-52.42 

-18.19 

CMP4 

2PYR + 2H,0 + 3NAD => 

SUC + 2C0 2 + 3NADH 

1.06 x 10- 3 

-432.13 

-779.68 
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Then, the exergetic efficiency of the squid aerobic respiration is 


_ 1.05J/(kgs) 
3.82 J/(kg s) 


— respiration, aero 


< 1-34 J/(kg s) 
_ 3.82 J/(kg s) 


= 35%. 


Exergy chart for the slow swimming mode is given in Example Figure 4.5.2. 

During jet escape, energy comes from both the aerobic and anaerobic res¬ 
piration. Oxygen consumption rate increases nearly linearly between 0.5 and 
4 mantle length/s. Therefore, at a speed of 3 mantle length/s, squid consumes a 
large amount of oxygen, and about 6.55 J/(kg s) of exergy is released via aero¬ 
bic respiration, which is nearly twice the amount of exergy as the previous 
case. The chemical exergy released via the anaerobic pathway is 3.35 J/(kg s). 
About 0.072 J/(kg s) of the chemical exergy comes via depleting the cellular 
ATP reserves. 

The exergetic efficiency of the squid anaerobic respiration is 


tl respiration, anaero 


0.44 J/(kg s) 
3.35 J/(kg s) 


13.2%. 


A squid swimming with a speed of 3 mantle length/s produces an exergy of 
2.33 J/(kg s) via ATP hydrolysis. 0.44 J/(kg s) of this comes from ATP produced 
via anaerobic respiration, 0.07 J/(kg s) comes from the ATP used up from 
cellular reserves, and 1.82 J/(kg s) comes from ATP produced via aerobic res¬ 
piration. Since the jet escape swimming speed (3 mantle length/s) is very close 
to the critical speed (2 mantle length/s) at which anaerobic respiration begins; 
the squid still uses the aerobic pathway extensively to produce the required 
ATP. One can speculate that if the swimming speed would be higher, then 
the ATP production rate from the anaerobic pathway would increase dra¬ 
matically, so that a much higher percent of the consumed ATP would come 
from the anaerobic pathway. Here, at this low jet escape speed, still 78% of 
the consumed ATP comes from the aerobic pathway. Therefore, the respira¬ 
tion efficiency of the overall system, which is 23.37%, is close to the aerobic 
respiration efficiency. 

The animals in the nature generally prefer to stay in steady-state conditions. 
The squids also do not depart from this rule. Squid generally prefers the steady- 
state swimming mechanism in their lifetime unless they are in danger or when 
they are hunting. The squid switches its swimming behavior for survival or for 
capturing the prey. When the squid switches to the jet escape swimming mode, 
it means a drop in the respiration efficiency. At very high speeds, squids may be 
forced to use the anaerobic pathway exclusively, which would drop the respira¬ 
tion efficiency to 13.2%. The exergy chart for the jet escape swimming mode is 
given in Example Figure 4.5.3. 



Chemical 

exergy 

input 

I (Glu and 0 2 )| 


Chemical exergy 
transferred out of the 
system (C0 2 and H 2 0) 


, Useful work 
potential 


Aerobic 

metabolism 


Exergy used for cellular 
activities + losses 
2.76 J/(kg) 



0.0053 J/(kg)> 
Losses 3 


EXAMPLE FIGURE 4.5.2 Exergy chart for the slow swimming mode. 
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Chemical exergy 
stored (OCT, etc.) or 
transferred out of the 
system (C0 2 , H 2 0, etc.) 


Exergy used for cellular 
activities + losses 
2.84 J/(kg) 



Chemical 

exergy 

input 

f (Glu and 0 2 ) I 


Aerobic 

metabolism 


Exergy used for cellular 
activities + losses 
4.74 J / (kg) 


Chemical exergy 
transferred out of the 
system (C0 2 and H 2 0) 



Swimming speed of 3 mantle length/s 


EXAMPLE FIGURE 4.5.3 Grassman chart describing how and where the exergy input, for example, exergy of the nutrients, is utilized or 
destroyed during the jet escape mode. 
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Example 4.6: ATP Consumption, Entropy Generation, and Exergy 
Destruction during a Single Action Potential Generation in the 
Squid Neuron 

Squid has been a model animal for neuron studies for many years because of 
the large size of its giant axon that allow easy experimentation. In this exam¬ 
ple, we will analyze the action potential thermodynamically. Action potential 
is the second largest energy consumer in overall usage in the brain (Attwell 
and Laughlin, 2001). So it is very important to calculate the consumption of 
ATP in action potential to be able to estimate the total entropy generation and 
exergy destruction in a neuron. During the two different swimming mech¬ 
anisms of the squid (steady state and jet escape), different types of muscles 
are engaged. The intensity of contractions is also different. Thus, a different 
amount of ATP has to be consumed to enable the neuron to send the contrac¬ 
tion signal to muscles. 

In order to begin the thermodynamic analysis, we need a model to repre¬ 
sent the squid neuron. All neurons in the brain are directly or indirectly linked 
to each other. While transmitting information, some energy is dissipated. 
Dissipation of energy is an irreversible process and quantified via entropy gen¬ 
eration. The entropy generation within the brain may cause different types of 
diseases in the central nervous system like multiple sclerosis, epilepsy cancer, 
and Alzheimer’s disease and eventually contribute to aging. Neuroscience is 
interested in two questions: how synaptic input signals propagate through 
the axon/dendrite and how they interact with each other. The Hodgkin and 
Rushton (1946) applied the cable theory to the conduction of potentials in axon. 
Later, Rail (1977) applied the same theory to dendritic trees of neurons. 

In a typical neuron, thousands of synaptic input spread across its surface 
(Example Figure 4.6.1). Using the Rail’s core conductor cable theory the dis¬ 
sipation in a neuron can be calculated. Rinzel and Rail’s (1974) neuron model is 
composed of N identical dendritic trees each of which exhibits M orders of sym¬ 
metric branching. They assume that all branchings are symmetrically bifur¬ 
cated satisfying the 3/2-power law. The 3/2-power law relates the diameters of 
parent and daughter branches. 

The neuron model investigated in this example possesses five different 
dendritic trees (Example Figure 4.6.2); BI (input branch), BS (sister branch), 
BC-1, BC-2 (two cousin branches), and OT (other dendritic trees). 

The model considers each branch segment as a dimensional, infinite cylin¬ 
drical electronic cable with isopotential extracellular medium. At all branches, 
core conductor is conserved and continuously membrane potential received. 
The cable model uses convolution of response function to compute the voltage 
transients at various points in the dendritic tree for a brief current injection at a 
terminal branch and its Laplace transform space product domain for arbitrary 
and boundary conditions (Rinzel and Rail, 1974). 

Since the system is linear, electric potential V(t,x) at time t and location x 
transient current applied outward across membrane /(f) at time f computed in 
the form of K{t,x; L ) as a function of f at location x. For the response function 
in the time domain, we have two types of response functions: one of which is 
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Input 


Dendritic 



Equivalent 

cylinder 


(b) 



(c) 



Input 


EXAMPLE FIGURE 4.6.1 Rinzel and Rail’s (1974) idealized neuron model, (a) rep¬ 
resents the neuron model composed of six identical dendritic trees, (b) indicates the 
relation of a dendritic tree to its equivalent cylinder, (c) represents the same model as 
(a), with each dendritic tree replaced by an equivalent cylinder, (d) represents the same 
model as (a) and (c), with dendritic branching shown explicitly only for the tree that 
receives input current injected into the terminal of one branch; the five other trees of 
the model are represented by their equivalent cylinders, here shown gathered together. 



EXAMPLE FIGURE 4.6.2 Five different dendritic trees of a model neuron; 
BI, input branch; BS, sister branch; BC-1 and BC-2, two cousin branches; and 
OT, other dendritic trees, Rail core conductor. 


K jns (t,x,L), for example, response at time t and location x in a cylinder of length 
L insulated (dVIdx = 0) at the origin for instantaneous point charge placed at 
the end x = L demonstrated as 


K itts (x, t,L) = R» 



[L(2ti -1) + xf } 

41 J 
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The second one is K K clp {t,x,L ) that is a response at time t and location x in a 
cylinder length L clamped (V = 0) at the origin for instantaneous point charge 
placed at the end x = L demonstrated as 


, LI) — Rco 



[L(2n-1) + xf | 
4f j 


The relation between the response function and instantaneous point charge 
is represented in terms of the Dirac delta functions, 8(f) and 8(x). For infinite 
cable model after the response functions calculated the general Dirac delta 
response function of the system at different electronic positions was calcu¬ 
lated for the dimensionless infinite cable model. Convolution of signals iff) and 
K calculated to ensure the adherence to the boundary conditions defined by 
Rinzel and Rail (1974) for the convolution, all values for the convolution after 
time t were deleted from the result convolution vectors. Finally dissipation of 
neuron calculated with respect to trapezoidal rule with multiplying membrane 
capacitance (C m ) and characteristic length (X). The cable parameters for squid 
taken from Rail core conductor theory are listed in Example Table 4.6.1. 

The ATP consumption during a single instantaneous deviation from the rest¬ 
ing membrane potential was calculated from the Na + influx (Sengupta et al., 2010). 
The parameters are adjusted and sodium channel activation and deactivation 
rates a m , (3 m , a h , and are calculated as g N a = 120 m mho/cm 2 and £ Na = -115 mV: 


_ 0.1(V,„ +25) 

“ [(V„+25)/10] 


(E4.6.1) 


P,„ = 4e v " ,ls 


(E4.6.2) 


(E4.6.3) 
e m 

Pk = ^[(v m +30)/io] (E4.6.4) 

The total Na + load for an individual action potential is integrated and then mul¬ 
tiplied with 1/3 F where F is Faraday’s constant to reach the ATP consumption. 


EXAMPLE TABLE 4.6.1 Cable Parameters for Squid 

Axon diameter, d = 500 pm 

Length constant, X = 0.65 cm 

Core resistance per unit length, r, = 15 x 10 3 Q/cm 

Membrane resistance for unit length, r m = 6.5 x 10 3 Q cm 

Intracellular resistivity, R t = 30 £2 cm 

Membrane resistivity, R m = 1 x 10 3 Q cm 2 

Membrane time constant, t = 1 ms 

Membrane capacitance, C m = 1 pF/cm 2 


Source: Adapted from Rinzel, J. and Rail, W., Biophys. /., 14,759,1974. 
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The exergy destruction per 1 mol of ATP (kj/mol) is adapted from Gen<; et al. 
(2013a) for hypoxic and normoxic conditions. It is known that neurons can emit 
action potential constantly at a rate of 10-100 per second (Barnett and Larkman, 
2007). We assumed that in normoxic conditions, neurons emit action potential 
at the rate of 10 s -1 and in hypoxic at the rate of 30 s -1 . Entropy generation is 
calculated with the MATLAB code E4.6. 

MATLAB CODE E4.6 

Command Window 

clear all 
close all 

% IMPORTANT! Commented out for testing with parameters from 
papers to 

% ensure that the desired results are obtained. Once the 
code has been 

% verified, uncomment the defined parameters and delete the 
test 

% parameters. 

% % First, define the parameters: 

I p = 3.75E-10; %[=] A; Peak value of transient current 
(Turker & Powers, 2001) 

% rise_time = 0.5; % [=] ms; (Turker & Powers, 2001) 

% Note: Divide the rise time by the (dimensional) time to 
get 1/alpha. Then 

% find the reciprocal of this to find alpha. Make sure 
dimensions of time 
% agree! 

% Parameters FROM HODGKIN HUXLKEY CORE CONDUCTOR: 


a = 20; 

T = 0:0.01:1.25; % Dimensionless time 

I_T = I_p .*a.*T.*exp(1-a.*T); %(Rinzell & Rail, 1974) 

L = 0.6; % length of cable [=] cm 
N = 6; % Number of trees 
M = 3; % Degree of branching 

% The following parameters were found for the squid 
motoneuron from *Core 
% Conductor Theory* (Rail,1977) 

X = 0:L/((M+l) .*200) :L; % Start with potential at injection 
site of cable. 

Xk_vals = L/(M+l):(1/(M+l))*L:L*(1-(1/(M+l))); 

% Electrotonic distance to branching. 
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R_m = 1000; % [=] ohm*cm^2; Membrane resistivity. 

R_N = 5E3; % [=] ohm; Neuron input resistance. 

R_i =30; % [=] ohm*cm; Intracellular resistivity. 

C_m = IE-6; % [ = ] F*cm A -2; Membrane capacitance. 

d= (500E-4); % [=] cm; diameter of membrane cylinder. 

rho =10; % dimensionless; conductance ratio (dendrites/soma). 


% Cable parameters: Calculated via definitions by Rail (Core 
Conductor 
% Theory) 

c_m = pi.*d.*C_m; % [=] *Farad*cm^-l; Membrane capacity per 
unit 

% length. 

%r_i and r_m from FROM HODGKIN HUXLKEY CORE CONDUCTOR 
r_i = 15E3; % [=] ohm*cm A -l; Core resistance per unit length. 
r_m = 6.5E3; % [=] ohm*cm; Resistance across unit length of 
% membrane. 

lambda = 0.65; % [=] cm; characteristic length, 
tau =1; % [=] millisecond; Time constant. 

R_inf = lambda.*r_i; % [=] ohm; Input resistance of semi¬ 
infinite cable. 

% Finding Response Functions in time domain. 

% Finding K_ins, dirac-delta response to charge placed at 
origin for 

% insulated cylinder (initial condition dV/dX = 0) ; 

% Finding K_clp, dirac-delta response to charge placed at 
origin for 

% voltage-clamped cylinder (initial condition V = 0) 

% From Rinzel & Rail (1974) 

K_ins = zeros(length(X),length(T)); % Empty vector for storage 
K_clp = zeros(length(X),length(T)); % Empty vector for storage 
K_clp_delta = zeros(length(X),length(T)); % Empty vector for 
storage 

trunk_end = find(X == Xk_vals(l)) - 1; % Cutoff index of the 
trunk. 

bgp_end = 2.* trunk_end; % Cutoff index of the grand-parent 
branch. 

bp_end = 3.* trunk_end; % Cutoff index of the parent branch. 
bin_end = length(X); % Cutoff index of input branch 


end_inds = [1, trunk_end, bgp_end, bp_end, bin_end]; 
for i = 1:length(X) 

for j = 1:length(T) 


suml_neg = 0; 
suml_pos = 0; 
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n_neg = 0; 
n pos = 1; 
perc pos = 100; 
perc_neg = 100; 

while perc_neg > 0.00001 

suml neg prev = suml_neg; 
suml_neg = suml neg prev + ... 

(-1) .^n_neg.* exp(-((L.*(2.*n_neg-1) + 

X (i) ) . A 2)/(4*T(j))) ; 
n_neg = n_neg - 1; 

perc_neg = (suml_neg - suml neg prev)./suml neg; 

end 

while perc_pos > 0.00001 

suml pos prev = suml pos; 
suml pos = suml pos prev + ... 

(-1) .pos.* exp((-(L.*(2.*n pos-1) + 

X (i)) . a 2)/(4*T(j))) ; 
n pos = n pos + 1; 

perc_pos = (suml pos - suml pos prev)./suml pos; 

end 

K_clp(i,j) = R_inf.*exp(-T(j))./(pi.*T(j))."(0.5) .* ... 

(suml_pos + suml_neg); 

sum2_neg = 0; 
sum2 pos = 0; 
n2_neg = 0; 
n2_pos = 1; 
perc2_pos = 100; 
perc2_neg = 100; 

while perc2_neg > 0.00001 

sum2 neg prev = sum2_neg; 
sum2_neg = sum2 neg prev + ... 

exp((-(L*(2.*n2_neg - 1) + X(i)). A 2)/(4*T(j))); 
n2_neg = n2_neg - 1; 

perc2_neg = (sum2_neg - sum2 neg prev)./sum2 neg; 

end 

while perc2_pos > 0.00001 

sum2 pos prev = sum2 pos; 
sum2 pos = sum2 pos prev + ... 

exp((-(L*(2.*n2_pos - 1) + X(i)). A 2)/(4*T(j))); 
n2_pos = n2_pos + 1; 

perc2_pos = (sum2 pos - sum2_pos_prev)./sum2_pos; 

end 

K_ins(i,j) = R_inf.*exp(-T(j))./(pi.*T(j)). A (0.5) .* ... 

(sum2 pos + sum2_neg); 


end 


end 
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K_ins(isnan(K_ins)) = 0; 

K_clp(isnan(K_clp)) = 0; 

% Calculating the general dirac-delta response function of 
the system at 

% different times and electrotonic positions. 

% From Rinzel & Rail (1974) 

% B_k parameters for all branches which are are simple 
constants whose values are specified according to 
location: 

Bk0_vals = [0,0,0]; % Trunk 

Bkl_vals = [1,0,0; -1,0,0]; % BGP, BC2 

Bk2_vals = [1,1,0; 1,-1,0; -1,0,0]; % BP, BC1, BC2 

Bk3_vals = [1,1,1; 1,1,-1; 1,-1,0; -1,0,0]; % BI, BS, BC1, BC2 

% The branches of B_k are trunk, BGP, BP, BI, BS, BC1, BC2 
respectively. 

K_M0 = zeros(trunk_end,length(T),size(Bk0_vals,1)); % Empty 
vector for storage 

K_M1 = zeros(trunk_end,length(T),size(Bkl_vals,1)); % Empty 
vector for storage 

K_M2 = zeros (trunk_end, length (T) , size (Bk2_vals, 1) ) ,* % Empty 
vector for storage 

K_M3 = zeros(trunk_end + 1,length(T),size(Bk3_vals,1)); % 
Empty vector for storage 

A = N - 1; % Pre-defined parameter. 

for i = 1:length(X) 

if X(i) < Xk_vals(l) 

for j = 1:length(T) 
sum_K = 0; 

K_M0(i,j) = N. A (-1).*K_ins(i,j) +... 

A.*N. A (-1).*K_clp(i,j) + sum_K; 

end 

elseif X(i) >= Xk_vals(l) && X(i) < Xk_vals(2) 
for j = 1:length(T) 

for m = 1: size(Bkl_vals,1); 
sum_K = 0; 
for k = 1:M 

suml_neg = 0; 
suml_pos = 0; 
n_neg = 0; 
n_pos = 1; 
perc_pos = 100; 
perc_neg = 100; 
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while perc_neg > 0.001 

suml neg prev = suml_neg; 
suml_neg = suml neg prev + ... 

(-1)."n_neg. 

*exp(-(((L-Xk_vals(k))*(2.*n_ 
neg-1)... 

+ (X(i)-Xkvals(k))). A 2)/(4*T(j))) 
n_neg = n_neg - 1; 
perc_neg = (suml_neg - suml_neg_ 
prev)./suml_neg; 


end 


while perc p os > 0.001 

suml pos p rev = suml_pos; 
suml_pos = suml_pos_prev + ... 

(-1)."n pos.*exp((-((L-Xk_ 
vals(k))*(2.*n pos-1)... 

+ (X(i)-Xkvals(k))) . "2) / (4*T( j )) ) 
n pos = n pos + 1; 
perc pos = (suml_pos - suml pos 
prev)./suml pos; 


end 


B_k = Bkl_vals(m,:); 

K_clp_delta(i,j) = R_inf.*exp(-T(j))./ 
(pi.*T(j))."(0.5)... .* 

(suml_pos + suml_neg); 
sum_K = sum_K + 2."(k-l).*B_k(k). 
*K_clp_delta(i,j); 

KMl_index = i - (trunk_end).*(size(Bkl 
vals,1)-1); 

K_M1(KMl_index,j,m) = ... 

N." (-1) .* K_ins(i,j) +A.*N"(-1). 
*K_clp(i,j) + sum_K; 

end 


end 


end 


elseif X(i) >= Xk_vals(2) && X(i) < Xk_vals(3) 
for j = 1:length(T) 

for m = 1: size(Bk2_vals,1); 
sum_K = 0; 
for k = 1:M 

suml_neg = 0; 
suml_pos = 0; 
n_neg = 0; 
n_pos = 1; 
perc_pos = 100; 
perc_neg = 100; 

while perc_neg > 0.001 

suml neg p rev = suml_neg; 
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suml_neg = suml neg prev + ... 

(-1).^n_neg. 

*exp(-(((L-Xk_vals(k))*(2.*n_ 
neg-1)... 

+ (X(i)-Xkvals(k))). A 2)/(4*T(j))); 
n_neg = n_neg - 1; 
perc_neg = (suml_neg - suml_neg_ 
prev)./suml_neg; 

end 

while perc p os > 0.001 

suml p os p rev = suml_pos; 
suml_pos = suml p os prev + ... 

(-1).^n_pos.*exp((-((L-Xk_ 
vals(k))*(2.*n pos-1)... 

+ (X(i)-Xk_vals(k))). A 2)/(4*T(j))); 
n pos = n pos + 1 ; 
perc_pos = (suml_pos - suml_ 
pos p rev)./suml_pos; 

end 

B_k = Bk2_vals(m,:); 

K_clp_delta(i,j) = R_inf.*exp(-T(j))./ 
(pi.*T(j)) . A (0.5) . . . 

.* (suml pos + suml_neg); 
sum_K = sum_K + 

2. A (k-1).*B_k(k).*K_clp_delta(i,j); 
KM2_index 

= i - (trunk_end).*(size(Bk2_vals / 1)-1); 
K_M2(KM2_index,j,m) =... 

N. A (-1) .*K_ins(i,j)+A.*N^(-1) .*K_ 
clp(i,j) + sum_K; 

end 

end 

end 

else 

for j = 1:length(T) 

for m = 1: size(Bk3_vals,1); 
sum_K = 0; 
for k = 1:M 

suml_neg = 0; 
suml_pos = 0; 
n_neg = 0; 
n p os = 1; 
perc_pos = 100; 
perc_neg = 100; 

while perc_neg > 0.00001 

suml neg prev = suml_neg; 
suml_neg = suml neg prev + ... 

(-1).^n_neg.*exp(-(((L-Xk_ 
vals(k))*(2.*n_neg-l)... 

+ (X(i)-Xkvals(k))) .*2)/(4*T(j))) ; 
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n_neg = n_neg - 1; 
perc_neg = (suml_neg - suml_neg_ 
prev)./suml_neg; 

end 

while perc_pos > 0.00001 

suml pos p rev = suml_pos; 
suml_pos = suml pos p rev + ... 

(-1)."n_pos.*exp((-((L-Xk_ 
vals(k))*(2.*n p os-1)... 

+ (X(i)-Xkvals(k))) ."2)/(4*T(j))); 
n p os = n p os + 1; 
perc p os = (suml_pos - suml p os 
prev)./suml pos; 

end 

B_k = Bk3_vals(m,:); 

K_clp_delta(i,j) = R_inf.*exp(-T(j))./ 

(pi.*T(j))."(0.5)... 

.* (suml_pos + suml_neg); 
sum_K = sum_K + 2."(k-l). 

*B_k(k).*K_clp_delta(i,j); 

KM3_index = i - (trunk_end).* 

(size(Bk3_vals,1)-1); 

K_M3(KM3_index,j,m) =... 

N."(-1).*K_ins(i,j)+A.*N"(-1).*K_ 
clp(i,j) + sum_K; 

end 

end 

end 

end 

end 

% Forming the matrix K such that each dimension represents 
the impulse 

% response of the path leading to BI, BS, BC1, BC2 
respectively. 

K = zeros(length(X), length(T), M + 1); 


K ( : , : , 1) 
K M3(:, 

= cat (1, K_M0 ( : , : 

: ,1)) ; % BI 

) , K_M1(: , 

: ,1) , 

K_M2 ( : , 

: ,1) 

K( :, :,2) 
K M3(:, 

= cat (1, K_M0 ( : , : 
l,2)) ; % BS 

) , K_M1(: , 

: ,1) , 

K_M2 ( : , 

: ,1) 

K(:,:,3) 
K M3(:, 

= cat (1, K_M0 ( : , : 

: ,3) ) ; % BC1 

) , K_M1(: , 

: ,1) , 

K_M2 ( : , 

: ,2) 

K( :, :,4) 
K M3(:, 

= cat (1, K_M0 ( : , : 

: , 4) ) ; % BC2 

) , K_M1(: , 

: ,2) , 

K_M2 ( : , 

: ,3) 


K(isnan(K)) = 0; 
K(K< 0) = 0; 
neuron volts = 


zeros(size(K)); 
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% Convolution of signals I(t) and K as defined by Rinzel and 
Rail (1974) = 

% To ensure adherence to the boundary conditions defined by 
Rinzel and Rail 

% for the convolution, all values for the convolution after 
time T were 

% deleted from the result convolution vectors. 

K_rows = size(K,l); 

K_dims = size(K,3); 

for k = l:K_dims 

for i = 1:K_rows 

row = K(i,:,k); 

K_involt = conv(I_T, row); 

K_involt((length(T) + 1) : end) = []; 

neuron_volts(i,:,k) = K_involt; 

end 

end 

% Calculating charge dissipation with respect to position 
for all time. 

dissipation = c_m.*lambda.*trapz(T, neuron_volts, 2); 

branch_dissipation = zeros(4,4); % This creates a vector for 
the storage 

% of dissipation values for the 

% Now finding the dissipation that occurs over an entire 
branch over time. 

for i = 1:size(dissipation, 3) 

for j = 1:(length(end_inds)-1) 

branch_interval = (end_inds(j):end_inds(j+1)); 
branch pos = X(branch_interval); 
branch = dissipation(branch_interval, 1, i); 
branch_dissipation(i,j) = trapz(branch_pos, branch); 

end 

end 

% Producing corresponding bar graph: 

bar(end_inds(1:end-1),branch_dissipation') 
legend('BI', 'BS', 'BC1', 'BC2') 

% xlabel('Trunk', 'BGP', 'BP', 'BI') 

% === Set the initial states FROM Hodgkin Huxley 1952 === % 

% equations taken from table 1 

% Alpha and beta are variables that determine gating kinetics 

gbar_K=17.5; gbar_Na=120; gbar_L=0.1;%mmho/cm2=msiemens/cm2 
(giant axon of squid) 
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E_K = -5.0; E_Na=-115; E_L=0;%mV (Squid) 
load_vector = zeros(length(X),size(neuron_volts,3)); % 
storage vector 


for j = 1:size(neuron_volts,3) 

V_0 = neuron_volts(:,1,j) .*10^3 ; 

alpha_m0 =0.1.*(V_0+25)./(exp((V_0 + 25)./ 10)-1); 

beta_m0 = 4.*exp(V_0./18); 

alpha_h0 = 0.07.*exp(V_0./20); 

beta_h0 = 1./(exp((V_0+30)./10)+1); 

alpha_n0 = 0.01.*(V_0+10)./(exp((V_0+10)./10)-1); 

beta_n0 = 0.125*exp(V_0./80); 


n_0 = alpha_n0./(alpha_n0 + beta_n0); %Equation 9 

m_0 = alpha_m0./(alpha_m0 + beta_m0); %Equation 18 

h_0 = alpha_h0./(alpha_h0 + beta_h0); %Equation 18 


if all(m_0 == m_0(l)) 
m_0 = m_0(1); 

end 


if all(n_0 == n_0(l)) 
n_0 = n_0(1); 

end 

if all(h_0 == h_0(1)) 
h_0 = h_0(1); 

end 

for i = 1:length(X) 

V = neuron_volts(i,:,j)*10^3; 

alpha_m =0.1.*(V_0(i)+25)./(exp((V_0(i)+25)./10)-1); 

beta_m = 4.*exp(V_0(i)./18); 

alpha_h = 0.07.* exp(V_0(i) ./2 0); 

beta_h = 1./(exp((V_0(i)+30)./10)+1); 

alpha_n = 0.01.*(V_0(i)+10)./(exp((V_0(i)+10)./10)-1); 

beta_n = 0.125.*exp(V_0(i)./80); 

n_inf = alpha_n./(alpha_n+beta_n); %Equation 9 
m_inf = alpha_m./(alpha_m+beta_m); %Equation 18 
h_inf = alpha_h./(alpha_h+beta_h); %Equation 18 

tau_m = m_inf ./ alpha_m; 

tau_n = n_inf ./ alpha_n; 

tau_h = h_inf ./ alpha_h; 

tau_h(isnan(tau_h)) = 0; 

n = n_inf - (n_inf - n_0).*exp(-T./tau_n); 

m = m_inf - (m_inf - m_0).*exp(-T./tau_m); 

h = h_inf - (h_inf - h_0).*exp(-T./tau_h); 
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I_Na = (gbar_Na.*m.^3.*h.*(V - E_Na))*10^-6; 

Na_load = trapz(T, I_Na); % Area under the Na curve 
load_vector(i,j) = Na_load; 

% I_K = gbar_K.*n.^4.*(V-E_K); 

% I_1 = gbar_L.*(V-E_L); 

end 

end 

total_ATP = zeros(1,size(load_vector,2)); 

Faraday = 9.64870E4; 

for i = 1:length(total_ATP) 

total_ATP(i) = sum(load_vector(:,i))./(3.*Faraday); 
total_Exnormoxic = (total_ATP .* 131.3) %131.3 overall 
exergy destruction rate (kj/mol) for normoxic 
condition Seda Gene 

total_Exhypoxic = (total_ATP . * 129.8) %129.8 overall 
exergy destruction rate (kj/mol) for normoxic 
condition Seda Gene 

total_Snormoxic = ((sum(total_Exnormoxic))*10)/298.15 
%10 represent action potential rate 10 per second 
total_Shypoxic = ((sum( total_Exhypoxic))*30)/298.15 
%30 represent action potential rate 10 per second 

end 

When we run the code to calculate the total ATP utilization per one action potential, the 
following line and Example Figure 4.6.3 will appear on the screen: 



EXAMPLE FIGURE 4.6.3 Schematic diagram of the dissipation in the input 
(Bl), sister (BS), cousin 1 (BC1), and cousin 2 (BC2) branches. 
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total_Exnormoxic = 

1.0e-06 * 

0.5542 0 0 

total_Exhypoxic = 

1.0e-06 * 

0.5479 0 0 

total_Snormoxic = 

1.8589e-08 

total_Shypoxic = 

5.5130e-08 

total_Exnormoxic = 

1.0e-06 * 

0.5542 0.5542 0 

total_Exhypoxic = 

1.0e-06 * 

0.5479 0.5479 0 

total_Snormoxic = 

3.7178e-08 

total_Shypoxic = 

1.1026e-07 

total_Exnormoxic = 

1.0e-06 * 

0.5542 0.5542 0.5542 

total_Exhypoxic = 

1.0e-06 * 

0.5479 0.5479 0.5479 

total_Snormoxic = 

5.5766e-08 

total_Shypoxic = 

1.6539e-07 

total_Exnormoxic = 

1.0e-06 * 

0.5542 0.5542 0.5542 

total_Exhypoxic = 

1.0e-06 * 

0.5479 0.5479 0.5479 

total_Snormoxic = 

7.4352e-08 

total_Shypoxic = 

2.2051e-07 


0 


0 


0 


0 


0 


0 


0.5542 


0.5478 
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Example 4.7: Light Production Efficiency of Firefly, 

Photinuspyralis, Bioluminescence 

The detailed chemical nature of the process bioluminescence is described by 
Gomi and Kajiyama (2001). Luciferin reacts with ATP and oxygen to generate 
carbon dioxide, AMP, and oxyluciferin. There are different species of oxylucif- 
erin. One of them is first formed in the excited state and is then decayed to the 
ground state with the emission of green light (Nakamura et al., 2005; Vieira et al., 
2012). Oxyluciferin then reacts with water, and it is converted into 2-cyano-6- 
hydroxybenzothiazole and thioglycolic acid. 2-Cyano-6-hydroxybenzothiazole 
reacts with D-cysteine to produce luciferin and ammonia. In this sequence of 
reactions, luciferin, oxyluciferin, and 2-cyano-6-hydroxybenzothiazole remain 
in the tissue, within the system boundaries; 0 2 , ATP, H 2 0, and D-cysteine 
enter the system boundaries, while C0 2 , AMP, thioglycolic acid, and ammonia 
flow out of the system boundaries (Example Figure 4.7.1). These luminescence 
reactions are employed in numerous assays (Branchini et al., 2011). 

The chemical structures of the species that circulate in the firefly biolumines¬ 
cence cycle are given in Example Table 4.7.1. 

Normally, yellow-green light with a wavelength, for example, X, of about 
560 nm is produced by fireflies; detailed information about the spectra of the 
firefly bioluminescence reaction is given by Wang et al. (2011). When excited 
chemicals go to the ground state, emission of visible light appears. It is the 
transduction of chemical energy Ah into radiant energy hv. It is possible when 



EXAMPLE FIGURE 4.7.1 The firefly bioluminescence cycle. 
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EXAMPLE TABLE 4.7.1 Chemical Structures of the Species That Circulate 
in the Firefly Bioluminescence Cycle 

Chemical Species Chemical Structure 


D-Luciferin 


Oxyluciferin 


Thioglycolic acid 


2-Cyano-6-hydroxybenzothiazole 


D-Cysteine 





the A h of the reaction is large enough to allow for production of at least one of 
the products in excited state. Exergy of the firefly bioluminescence, hv, may be 
estimated as 


/r ,- / /- (6-63xlO- 34 Js)(3.OQxlQ 8 m/s) _ 35;a0 - 19 
X (560 nm)(l ml 10“ s nm) 

where v = cfk, for example, speed of the light, c, divided with the wavelength X. 
Exergies of formation of 0 2 , C0 2 , H 2 0, NH 3 , ATP, and AMP are readily 
available in the literature. Chemical exergies of D-cysteine and thioglycolic are 
estimated with the group contribution method. 

Chemical exergies of D-cysteine and thioglycolic are estimated with the 
expression 


ex ch 


A S/+X 


n e ex chje 


where 

ex ch is the standard chemical exergy of the compound 
Agyis the Gibbs free energy of formation at 298.15 K, kj/mol 
n e is the number of moles of the element e 

ex che is the standard chemical exergy (Example Table 4.7.2) of each contrib¬ 
uting element (Degerli et al., 2015) 
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EXAMPLE TABLE 4.7.2 Standard Chemical 
Exergy of the Elements 


Molecule 

ex ch J molecule (kj/mol) 

c 

410.3 

H 2 

236.1 

o 2 

4.0 

N 2 

0.7 

s 

607.1 


Source: Exergoecology Portal, Exergy calculator, 
available at http://www.exergoecology.com/excalc/ 
exergo/refenv/#equationl, accessed August 16,2013. 


EXAMPLE TABLE 4.7.3 Calculation of the Exergies of the Firefly Bioluminescence Cycle 
Chemicals 


Chemical Species 

Ag/298 

(kj/mol) 


ex ch = Ag% 9s + 2_j n ^x ch , e 

(kj/mol) 

D-Luciferin 

25.5 

n„,c = 11, n eMl = 4, n«, N2 = L 

6703.4 

c u h s n 2 o 3 s 2 


« 90 2 = 3/2, n eS = 2 


Oxyluciferin 

252.2 

n eC = 10, « e ,H 2 = 3, n e ,N 2 = L 

6281.8 

C 10 H 6 N 2 O 2 S 2 


n c ,o 2 = h n e s =2 


Thioglycolic acid 

-348.6 

n e,c= 2 > n ‘,»2 ~ 2, n e o 2 =1, 

1555.2 

c 2 h 4 o 2 s 


n e,s= l 


2-Cyano-6- 

303.5 

n eC = 8, » t ,H 2 = 2, N; =1, 

4667.5 

hydroxybenzothiazole 


n c> o 2 = 1/2, n e s = 1 


C 8 H 4 N 2 OS 




D-Cysteine 

-276.1 

« e ,c = 3. ««,h 2 = 7/2, 

2392.4 

c 3 h 7 no 2 s 


« c ,n 2 = 1/2, n e ,o 2 = 1, n e _ S =1 



Details of the calculations of the chemical exergies are depicted in Example 
Table 4.7.3. 

Gibbs free energy of formation of a molecule, A gf, is estimated via atomic 
group contributions at 298.15 K and 1 atm (101.325 kPa): 

Ag/zss = 53.88+ ^ nAgi 


where 

Ag /298 is the Gibbs free energy of formation in kj/mol at 298.15 K 

Ag, is the numerical value of the group contribution of the atomic group 

The details of the calculations, for the estimation of the chemical exergies of 
D-cysteine and thioglycolic acid, are given in Example Table 4.7.4. 

Results of these calculations are listed in Example Table 4.7.5. 
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EXAMPLE TABLE 4.7.4 Estimation of the Chemical Exergies of D-Cysteine and 
Thioglycolic Acid 


Group 

Occurrence 

A gf,i (kj/mol) 

i. Calculation of the contribution of the atomic groups of D-cysteine 


—nh 2 

i 

14.1 

—COOH (acid) 

i 

-387.9 

1 

—CH 

1 

i 

58.4 

—CH — 

i 

8.4 

—SH 

i 

-23.0 

'y ' n,Ag% = —330.0 k)/mol 

Ag /298 - —276.1 kj/mol 

ii. Calculation of the contribution of the atomic groups of thioglycolic acid 

—COOH (acid) 

i 

-387.9 

—CH — 

i 

8.4 

—SH 

i 

-23.0 

y ' tijAgf i = —404.4 kj/mol 

Ay /298 = —348.6 kj/mol 

iii. Atomic group contributions 

employed for the estimation of Ay/ 298 

of D-luciferin 

—COOH (acid) 

1 

-387.9 

—OH (phenol) 

1 

-197.4 

—CH — 

1 

-3.7 

1 

—CH 

| 

1 

41.0 

—S—(ring) 

2 

27.8 

—N=(ring) 

2 

79.9 

1 

=c — 

5 

54.1 

1 

= CH 

3 

11.3 

^^n,A g° t i = —28.4 kj/mol 

D-Luciferin 


Ay /298 = 25.5 kj/mol 

iv. Atomic group contributions 

employed for the estimation of A g° 2 9 s 

of oxyluciferin 

—OH (alcohol) 

1 

-189.2 

—OH (phenol) 

1 

-197.4 

( Continued ) 
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EXAMPLE TABLE 4.7.4 ( Continued ) Estimation of the Chemical Exergies of D-Cysteine 
and Thioglycolic Acid 


Group 

Occurrence 

A g°,i (kj/mol) 

i 

=c— 

6 

54.1 

1 

= CH 

4 

11.3 

S (ring) 

2 

27.8 

N= (ring) 

2 

79.9 

y>A g ?„ =-198.3 kj/mol 

Oxyluciferin 


Ag /298 = 252.2 kj/mol 

v. Atomic group contributions 

employed for the estimation of Ag “ 2 98 

of 

2 - cyano - 6 - hydroxybenzothiazole 


—OH (phenol) 

1 

1 

-197.4 

1 

=c— 

4 

54.1 

1 

= CH 

3 

11.3 

— N= (ring) 

1 

79.9 

—S—(ring) 

1 

27.8 

—CN 

1 

89.2 

'y ' n, gf j = 249.6 kj/mol 

Ag /298 = 303.5 kj/mol 


EXAMPLE TABLE 4.7.5 Exergies of the Inputs and the Outputs of the Firefly 
Bioluminescence Cycle 


Inputs 

Exergy of Formation 
(kj/mol) 

Outputs 

Exergy of Formation (kj/mol) 

o 2 

2,955.0 

(Degerli et al„ 2015) 

co 2 

19.5 

(Degerli et al„ 2015) 

ATP 

6,720.9 

(Gen^ et al„ 2013a) 

AMP" 

4981.8 

h 2 o 

0.9 

(Degerli et al„ 2015) 

Thioglycolic acid 

1555.2 

D-Cysteine 

2,392.4 

nh 3 

337.9 

(Szargut, 2007) 

Total 

12,069.2 

Total 

6894.4 


a Calculated by ATP -* ADP + P and ATP —* AMP + 2P. 
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Since the purpose of running this chemical cycle is producing light, the exer- 
getic efficiency of the process may be calculated as 


r| = 


hv N a 


eXinputs 


eX ou tp u ts 


(3.5xl0-)(6.02xl0")kI/moy i00j41% 
(12,069.2-6,894.4)kJ/mol 


Example 4.8: Work Done to Develop an Immune System 

In the immune-challenged poultry, the molecules, which are involved in the 
immune response development, make up less than 1%, and their daily turnover 
corresponds to less than 0.05% of the body mass, but the resting metabolic rate 
of these birds is 5%—15% higher than the average (Klasing, 1998; Hasselquist 
and Nilsson, 2012). When the energy cost of developing the immune response 
is too high, animals may tend to increase the consumption of the nutrients or 
reduce the amount of the work they perform. Amat et al. (2007) argue that the 
antibody production and Brucella abortus increase the energy expenditure of 
the small bird Carduelis chloris by about 4.7%, and some individuals pay for this 
cost by reducing the energy expenditure for growing hair. Raberg et al. (2000), 
after inducing immune response in the small bird Parus caeruleus, observed 
that the vaccinated female birds reduced their feeding workload by 4 trips/h. 
It was estimated from the respiration data that the energy cost of each feeding 
trip was 0.047 kj; therefore, in a 14 h of feeding period, the reduced workload of 
an individual female bird was (4 trips/h)(14 h/day)(0.047 kj/trip) = 2.63 kj/day 
(Hasselquist and Nilsson, 2012). 


4.1.3 Biomass-Producing Process 

Living organisms produce biomass to store energy for future, as described in Figure 4.8. 
Animals produce lipids and plants produce starch or cellulose from the excess glucose. 
Biological species that perform photosynthesis employ solar energy to create bonds 
between carbon atoms to generate long-chain hydrocarbons. Energy and exergy of the 
chemicals that flow in (mostly C0 2 and H 2 0 and some inorganic substances) are lower 
than the energy and exergy levels of the products of photosynthesis. In other words, 



FIGURE 4.8 Schematic description of the exergy flow during photosynthesis. 











244 


Biothermodynamics: Principles and Applications 


high-entropy chemicals are flowing into the photosynthesis process, and their entropy 
is decreased by organizing them into low-entropy long-chain hydrocarbons. The work 
required to increase the exergy (i.e., decrease entropy) is extracted from solar energy. 


Example 4.9: Exergetic Efficiency of Glucose Synthesis via Photosynthesis 

Photosynthesis occurs in the chloroplast, a specialized organelle of the green 
plants. Some of the reactions involved in photosynthesis consume photon’s 
energy, and therefore, these are called the light reactions. Exergy of the photons 
reaching the earth’s surface from the sun is expressed as (Lems, 2009) 


eX pkotons 



kliTearth In 



where 

c is the speed of light (2.9998 x 10 8 m/s) 

d earth is the distance between the sun and the earth 

h is Planck’s constant (6.626 x 10 -34 J s) 

k B is Boltzmann constant (1.38 x 10 23 J/K) 

r su „ is the radius of the sun 

T earth is the temperature of the surface of the earth (estimated as 295 K) 
T sun is the temperature of the surface of the sun (estimated as 5762 K) 

\ is the wavelength of the radiation (nm) 


Solar photons are in the range of 380 nm<X<750 nm. The second term in this 
equation refers to the exergy of the photons lost to dispersion: 


exiost k B T mrl k In 


( d ea „h \ 



where (dLrt/'sun) = 46,448. Exergy of the direct solar radiation arriving in the 
Earth’s atmosphere and the fraction available for the photosynthesis are calcu¬ 
lated by Petela (2008) as 1.2835 and 0.5155 kW/m 2 , respectively. ATP produced 
with the light reactions is consumed in the dark reactions, mainly in the Calvin 
cycle where C0 2 is converted into glucose. Production of glucose by green 
plants via photosynthesis is described schematically in Example Figure 4.9.1. 

The overall process of the light reactions is (Lems, 2009) 


6C0 2 + 24H NADH p +1 8P atp —» C 6 H 12 0 6 + 6H 2 0 + 18P 


where 

H NADH p represents the H added to NADP after conversion into NADPH 4 
P ATP is the organic phosphate added to ADP upon conversion to ATP 

The overall process of the dark reactions is expressed as (Lems, 2009) 

12H 2 0 1 - 24 /iv 6 8 o + 24hv 700 —> 60 2 + 24H kauhp + 21 P A tp 
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II I I hv 



EXAMPLE FIGURE 4.9.1 Schematic description of photosynthesis in the green 
plants. 

The sum of the light and the dark reactions gives the overall reaction 

6 CO 2 4 6 H 2 O + 6 P + 24/tV 680 4 24/tVyoo —^ C6pk 2 06 4 60 2 + 6 Patp 

The overall exergy balance of photosynthesis is presented in Example Table 4.9.1. 
Then the total exergetic efficiency of photosynthesis is calculated as 

Total exergy output 3261 kj „ ,, 

•n =-—-— =-= 0.41 

Total exergy input 7896 kj 


EXAMPLE TABLE 4.9.1 Inputs and Outputs and the Exergy Destruction of 
Photosynthesis 


Exergy Input 


Exergy Output 

Exergy Loses 


6C0 2 

OkJ 


2955 kj 

Photon absorption 

1278 kj 

6H,0 

OkJ 

60 2 

OkJ 

Cellular processes 

3357 kj 

6 P 

OkJ 

6 P atp 

306 kj 



24/iv 680 

4005 kj 





24/iv 700 

3891 kj 





TOTAL 

7896 kj 

TOTAL 

3261 kj 

TOTAL 

4635 kj 


Source: Adapted from Lems, S., Thermodynamic explorations into sustainable energy conver¬ 
sion, learning from living systems, PhD dissertation, Technical University of Delft, Rotterdam, 
the Netherlands, 2009. 
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This efficiency indicates that in photosynthesis about 59% of the exergy is lost. 
The yield potential of a grain crop is determined by the availability of light, 
C0 2 and H 2 0, and the genetically determined plant properties. Among the 
efficiency of light capture, the efficiency of conversion of the intercepted light 
into biomass is related to the exergetic efficiency of photosynthesis. Long et al. 
(2006) explored the potential routes of increasing the plant yield by consider¬ 
ing the possibilities ranging from the altered canopy architecture to improved 
regeneration of the acceptor molecule for C0 2 and argued that these changes 
may improve the yield by 50%. 


Cells store their internal energy in the high-energy interatomic bonds of their carbohy¬ 
drate or lipid reserves (Stryer, 1981; Nelson and Cox, 2013). For short-term storage, 
glucose is converted into glucose polymers (glycogen in animal cells, and starch or cel¬ 
lulose in plant cells) and stored in the immediate tissues (Morgenthaler et al., 2006). 
A glucose unit may be added to glycogen with the following reactions (Stryer, 1981): 

Glucose + ATP —> Glucose-6-phoshate + ADP + P; 
Glucose-6-phosphate + ATP + (Glycogen)„ re5irf „ es + H 2 0 —> (Glycogen)„ +lresiAjej + ADP + P, 

Cleavage of glycogen into glucose-l-phosphate maybe expressed as 

(Glycogen ),, residues + P ; Glucose- 1-phoshate + (Glucogen)„_ lres y„ es 

The glucose-l-phosphate formed with the cleavage of glycogen is converted into 
glucose-6-phosphate by the enzyme phosphoglucomutase. Glucose-6-phosphate is 
processed further in the glycolytic pathway of the energy metabolism to produce 
ATP. Glycogen stored in the muscles provides the energy needed for the muscular 
activity. A major function of the liver is to maintain a constant level of glucose in 
the blood. Phosphorylated glucose cannot diffuse out of the cells. The liver contains 
an enzyme glucose 6-phosphatase that removes the P, and enables glucose to leave 
the organ: 


Glucose-6-phosphate + H 2 0 —> Glucose + P 

The storage consumes slightly more than one ATP per glucose 6-phosphate (Stryer, 
1981). In case of an urgent energy demand, a series of reactions occur to oxidize glucose 
and produce ATP. Glucose oxidation can be summarized as 

Glucose + 60 2 —^ 6C0 2 + 6H 2 0 

Complete oxidation of glucose is mainly achieved in three steps. The first step is the 
conversion of 1 mol of glucose to 2 mol of pyruvate and 2 mol of ATP by glycolysis in 
the cytoplasm, followed by conversion of pyruvate to acetyl CoA and full oxidation 
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in the mitochondria through the Krebs cycle and the ETC (Berg et al., 2002). During 
these reactions, 30-38 mol of ATP is produced, which is the main energy source for 
cellular activities. 

For nonurgent long-term consumption, glucose is converted into triglycerides in the 
animal cells (Stryer, 1981). Conversion of glucose into fat is a biomass-producing process, 
where molecular bonds are formed to generate a long-chain lipid. Forming molecular 
bonds can only happen at an expenditure of metabolic energy. Therefore, it decreases 
the metabolic energy efficiency (Flatt, 1970; Fell and Small, 1986; Sorgiiven and Ozilgen, 
2013). Note that polymers made of glucose (i.e., glycogen, starch) do not undergo such 
an extensive structural change, and therefore, their storage is energetically very efficient 
(Stryer, 1981; Nelson and Cox, 2012). 

The next example demonstrates how glucose is produced via photosynthesis and then 
used to synthesize lipids and how the stored lipids are converted into work. 


Example 4.10: Exergetic Efficiency of Synthesis of Palmitic Acid 
and Its Reconversion into Work by Photosynthetic Algae 

For modeling purposes, the alga is considered as the mixture of two parts: the 
lipids and the rest of the cell (Sorgiiven and Ozilgen, 2010). The so-called rest of 
the cell may be assumed to have a similar elemental composition with bacteria. 
The elemental composition of a bacterial cell was determined by Luria et al. 
(1960) as 

C4.17H 8 Oi.2sNiPo aoSo.03Ko.03Naoo4Cao.olMgo.O2Clo.OlFCo.OO4 

Lipid content of algae varies in a large range: the lipid content of Scenedesmus 
quadricauda is only 1.9% of its dry weight, whereas Scenedesmus dimorphus 
can have a lipid content of 40%. There are cases reported in the literature where 
the oil content in microalgae exceeds 80% by weight of dry biomass (Metting, 
1996; Spolaore et al., 2006). Algal lipids consist of different unsaturated fatty 
acids. For example, oleic acid is about 45% of the total fatty acid in microalgae 
Botryococcus braunii (Yoo et al., 2010). 

Photosynthesis done by microalgae may be summarized with the following 
equation (Sorgiiven and Ozilgen, 2010): 

C0 2 + H 2 0 + Inorganics ——»Cell debris 

cycle 

+ Glucose + 0 2 — t itlyacic[ - > Cell debris + Lipid + 0 2 

and triglyceride Microalgae 

synthesis 

Mass balance during production of 100 kg of microalgae (dry weight) in an open 
pond and exergy of the chemical species are listed in Example Table 4.10.1. 

During the lipid synthesis by the algae, first glucose is synthesized and then 
converted into lipids; and then the lipids are stored in the cell. In such a process, 
we may define the exergetic efficiency of triglycerol synthesis from glucose as 

_ (Exergy of the triglycerol produced) 

Exergy of the glucose consumed 



248 


Biothermodynamics: Principles and Applications 


EXAMPLE TABLE 4.10.1 Mass Balance and Exergy of the Chemical Species 
during Production of 100 kg of Microalgae (Dry Weight) in an Open Pond 



Total Mass to 
Produce 100 kg of 
Microlgae (kg) 

Chemical 
Exergy (kj/mol) 

Total Exergy 
(kj/m 2 Day) 

Input of CO 2 and water 




co 2 

249.79 

0.00 

0.0 

h 2 o 

4894.84 

0.77 

125.0 

Input of inorganics 




Ca(OH) 2 

0.22 

103.33 


KC1 

0.67 

14.16 


MgSO, 

0.72 

32.67 


Na 2 S0 4 

0.85 

19.14 


FeCl 2 

0.15 

159.64 


NH 4 OH 

10.54 

328.80 


h 3 po 4 

2.95 

80.60 


Total inorganics 



57.5 

Input of sunlight 




Total sunlight 



44,539 

Algal output 




Debris 

30.00 

2,753.94 

509 

Lipid 

70.00 

33,998.09 

1,694 

Algae total 



2,203 

Chemical outputs 




o 2 

249.23 

0.00 

0 

HC1 

0.31 

48.90 


h 2 so 4 

0.29 

160.53 


h 2 o 

4810.91 

0.77 


Total inorganics 



0.4 

Exergy destroyed 



42,396 


Source: Adapted from Sorgiiven, E. and Ozilgen, M„ Energy, 58, 679, 2013. 


Chemical exergy of glucose is 4,675 kj/mol; 214.47 kg of glucose with total 
exergy of (214.47 kg)(l mol/0.18 kg)(4,675 kj/mol) = 5,570,262 was used to pro¬ 
duce 70 kg of tripalmitoylglycerol with exergy of [(70 kg)/(807,000 mol/kg)] 
(33,998 kj/mol) = 2,949,000 kj; the exergetic efficiency of triglycerol production 
in this process is calculated as 


ri = 



When the organism needs to utilize the energy stored in the chemical bonds of 
triglycerides, palmitoylglycerol (C 51 H 98 0 6 ) with a chemical exergy of33,998 kj/mol 
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is first converted into 3 mol of palmitic acid with a chemical exergy of 10,819 kj/mol 
and then oxidized. During these reactions, 1 mol of ATP is converted into AMP, 
which costs an exergy consumption of 40.6 kj/mol (Rastogi, 2007). 

Triglycerides undergo a series of enzymatic reactions to enter the mitochon¬ 
drial matrix, where fatty acid oxidation occurs. A fatty acid can enter into the 
mitochondria only in the form of a fatty-acyl-S-CoA: 

Palmitic acid + ATP + CoA —> Palmitoyl S CoA + AMP + PP, 

Nelson and Cox (2012) present the accounting of the ATP production with the 
oxidation of CoA ester of palmitic acid (16 carbons) as 

Palmitoyl — S — CoA + 230 2 +13 IP, +131ADP -> CoA +131 ATP + 16C0 2 + 146H 2 0 

Each ATP molecule can produce 36.8 kj/mol of work, when one phosphate bond 
is broken and ADP is formed. We may calculate the work potential of the ATP 
produced from these reactions as 

Net work potential = Work potential stored in ATP 

- Work potential consumed for AMP 
= (131 mol ATP) (36.8 kj/mol)-(40.6 kj/mol) 

= 4708 kj/mol of palmitic acid 


Those exergy values are subject to change slightly, based on the physiological 
conditions, such as temperature, pH, ionic strength, and metabolic concentra¬ 
tions (Gem; et al., 2013a). If we assume that ATP is the only agent that a cell 
can employ to produce work, then the total work potential stored as a result of 
triglyceride oxidation can be calculated as 


Net work potential 

Chemical exergy of the palmitoyl glycerol 


(3) (4,708) 
(33,998) 


= 41.5% 


Examples 4.9 and 4.10 provide analysis for the synthesis reactions occurring in a bio¬ 
mass-producing system. Actual systems also have to perform a set of biochemical reac¬ 
tions for the survival of the organism. The most basic of these reactions is respiration. 
Some of the biomass produced via photosynthesis has to be consumed by the organism 
via respiration to perform cellular activities, such as expressing enzymes and perform¬ 
ing work to take necessary chemicals inside the cell against an unfavorable concentra¬ 
tion gradient. 

Example 4.11 demonstrates the complex thermodynamic processes occurring in a 
biomass-producing system by modeling the photosynthetic algae Chlamydomonas 
reinhardtii. 



250 


Biothermodynamics: Principles and Applications 


Example 4.11: Thermodynamic Processes Occurring in the Biomass- 
Producing System of the Photosynthetic Algae Chlamydomonas reinhardtii 

In a laboratory experiment, this photosynthetic alga is produced in a bioreac¬ 
tor under varying environmental conditions, and concentrations of several 
chemicals are measured as a function of time. We will begin our analysis by 
defining the system in accordance with the available experimental data. Here, 
our system is an isothermal, open system that contains 1 L trisphosphate 
medium. The chemical species C0 2 , H 2 0, 0 2 , NH 4 , and H 2 0 4 P may flow in or 
out of the system boundaries. Light also enters the system and allows photo¬ 
synthesis. Hundreds of biochemical reactions occur in a C. reinhardtii cell. For 
the sake of simplicity, elementary reactions can be grouped and basic metabolic 
mechanisms can be represented with one overall reaction. Kii$uk et al. (2015) 
modeled the bioreactions occurring in a C. reinhardtii cell as a three-step mech¬ 
anism involving photosynthesis, respiration, and lipid production: 

a. Photosynthesis 

8C0 2 + 7.37H 2 0 + 0.22NH/ + 0.02H 2 0 4 P" 

+ 14.71 photon ->2CO M8 H 1JB N all P M1 +C 6 H u 0 6 + 8.250, 

b. Respiration 


C 6 H 12 0 6 + 60 2 -» 6C0 2 + 6H 2 0 


c. Lipid production 


11.5C 6 H 12 0 6 -+ C 69 H 98 0 6 + 21.50, + 20H,O 


The first step of the thermodynamic analysis is to solve the mass balance for 
each species. For this purpose, the experimentally measured weights of dry bio¬ 
mass and lipid are employed. Based on the experimental data, a kinetic model 
employing the logistic equation is solved. The growth rate of the C. reinhardtii 
is modeled as 


dx (, x 

— = u„x 1- 

dt lx 

\ • A -max 

where x is the size of the algal population. And the lipid production rate ( dPIdt ) 
is modeled as 


dP 

dt 


ax + p 


dx 

dt 


where a, p, and \i m are constants. MATLAB code E4.11.1 provides the solutions 
to the biomass and lipid production equations: 
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MATLAB CODE E4.11.1 

Command Window 

clear all 
close all 
format compact 
global xmax 

% enter the constants 

xmax=8.60; 

% enter the data 
tDatal= [0:14] ; 

a= [0 0.10 1.00 2.10 3.20 3.20 3.30 4.18 5.00 5.20 6.20 6.80 
7.60 7.70 8.60] ; 

xl= [ 0; 0.10; 1.00; 2.10; 3.20; 3.20; 3.30; 4.18; 5.00; 5.20; 
6.20; 6.80; 7.60; 7.70; 8.60]; 

lipid=[0 0.0001 0.00325 0.00625 0.00975 0.0121 0.0125 0.0135 
0.014 0.0125 0.01525 0.0145 0.014 0.014 0.015]; 

[t,x]=ode45(■odetotalkinetics_first 1 , [0 14], [0.1 

0.00000001] ) ; 

hold on 

[ax, hi, h2]=plotyy(t, x(:,l), t, x(:,2)); 

set(ax(1), 'ylim', [0 10] , 1 ytick', [0:1:10] , 1 ycolor', 'black 1 ); 
set(ax(2), 'ylim', [0 0.02],'ytick', [0:0.002:0.02] , 1 ycolor', 

1 black'); 

set(hi,'LineStyle',':','color','black','LineWidth' , 2) ; 
set(h2, 1 LineStyle 1 , '- 1 , 'color', 'black 1 , 'LineWidth' , 2) ; 
legend ('biomass','lipid','Location', 'southEast'); 

[ax, h3, h4]=plotyy(tDatal, a, tDatal, lipid); 

set(h3, 'LineStyle', 'x', 'LineWidth', 2.0, 'Color', 'black'); 

set(h4, 'LineStyle', 'o', 'LineWidth', 2.0, 'Color', 'black'); 

set(get(ax(1),'Ylabel'),'String','dry biomass (g/L)'); 

set(get(ax(2),'Ylabel'),'String','lipid (g/L)'); 

grid on 

xlabel('t(h)') 

title ('Kinetic Model - 18.7 mM') 
set(ax(1), 'YTick', [0:1:10]) 
set(ax(l),'YColor','black') 
set(ax(2),'YColor','black') 

M-File: 

function dx = odetotalkinetics_first(t,x); 

% This function models product formation with Luedeking- 
Piret model 
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mu= 1; 

xmax= 8.60; 


if t<=4; 

mu=0 .978; 
xmax= 8 .6; 
alpha=0.001; 
beta=0.002; 

dxl=mu*x(1)*(1—(x(l)/xmax)); 
dx2=alpha*x(1) + beta*dxl; 

end 

if 4< = t; 

alpha=0.0005; 
beta=0.002; 
dxl = 0; 

dx2=alpha*x(1) + beta*dxl; 

end 

if t>=6; 

mu=0. 38 ; 
xmax= 8 .6; 
alpha=0.01; 
beta=0.0001; 

dxl=mu*x(1)*(1—(x(l)/xmax)); 
dx2 = 0; 

end 

dx = [dxl; dx2] ; 

When we run this code Example Figure 4.11.1 appears on the screen. 

Mass balances for the rest of the chemical species are solved based on the 
time-dependent results of the lipid and biomass concentrations. The mass 
fluxes through the system boundaries are described in Example Figure 4.11.2, 
when the biomass production rate is 57 mM/s. The reactants and the products of 
these reactions describe the situation where 2 M of algae is produced (apparent 
molar mass 23.4 g/mol). Note that the cell produces glucose via photosynthesis. 
Then, some of this glucose is consumed during respiration to maintain cellular 
activities. The remaining glucose is converted into lipid and stored in the cell. 
Respiration and lipid production are competitive reactions. The amount of lipid 
produced depends on the cellular conditions and the work produced in the 
system. Lipid and biomass are stored in the cell, and all of the other products 
are flowing out of the cell. 

Once the mass balance equations are solved, we get the mass of each chemi¬ 
cal species inside the system boundaries at any given time (m,(f)) and the mass 
flow rate of each chemical species through the system boundaries (m,(f)) at any 
given time. 
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Kinetic model—18.7 mM 


.o 

3 

>- 

u 

Q 



'3. 

3 


EXAMPLE FIGURE 4.11.1 Variation of the dry biomass and the lipid contents 
with time during cultivation of Chlamydomonas reinhardtii with the presence of 
18.7 mM of NR/. 


For the C. reinhardtii system, the energy balance is 

n^itihi n rn 0ut h 0 ut IV + (j + C light | — J 

in out ^ j system 

Since this is a time-dependent process, we must evaluate each term at each time t. 
To solve the governing equations numerically, we can discretize them with a 
time step size of At: 

T, = ("***)«. C02 I t + h 2 o I t + NH4 | f + H2 o 4 r | ( 

T/nouthou, =(mh) ouuC02 [ + {mh) outiHl0 \ t +(mh) outt02 [ 


where enthalpies of the species are evaluated at the thermodynamic state of the 
corresponding inlet/outlet boundary at the time t 

~{mu) biomass \ t -(mu ) lipi4 |J 

system ^ 
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EXAMPLE FIGURE 4.11.2 Schematic description of the mass fluxes around a cell when the 
biomass production rate is 57 mM/s. 


Since for this system d(pv) = 0, du = dh: 


d(mu) 
dt 


system 


l 

At 


({mh)[ +At -{mh)\ | t ) Wo _ 


where enthalpies of the species are evaluated at the thermodynamic state of 
the system at time t. In this system, specific enthalpy h can be calculated as 
a function of temperature and pressure. For this system, both pressure and 
temperature are homogenously distributed and remain constant at 1 atm and 
298 K, respectively. Example Table 4.11.1 that lists the thermodynamic data of 
the chemicals is adapted from Ku^iik et al. (2015). 

During cultivation, 85 W superhigh-output fluorescent lights are used to 
provide 200 pmol photons/m 2 s (Tevatia et al., 2012). The energy of light is 


E = 


he 

X 


where 

h is Planck’s constant (6.626 x 10 -34 J s) 
c is the speed of the light (2.9998 x 10 8 m/s) 

X is the wavelength of the radiation (555 nm) 
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EXAMPLE TABLE 4.11.1 Enthalpy of Formation and Exergy 
of the Chemical Compounds 


Chemical Compounds 

MW (g/mol) 

A/J/ 298 K (kj/mol) 

Glucose 

180.2 

-1274.5 

Oxygen 

32.0 

0 

h 2 o 4 p- 

97.0 

-1302.5 

nh 4 + 

18.0 

-132.8 

Water (1) 

18.0 

-285.8 

Carbon dioxide (g) 

44 

-393.5 

Lipid 

1026.6 

-1056 

Biomass 

23.4 

-201.8 


The bulb has a color temperature of 6500 K (Lights of America, 2014) that cor¬ 
responds to daylight (Amour, 1955); hence, exergy of sunlight is taken as 0.5155 
kW/m 2 (Petela, 2008). 

With these calculations, the only unknowns in the energy balance become 
the heat and work transfer rates. The only form of work that is transferred out 
of the system boundaries is the work done by the C. reinhardtii to swim. C. rein- 
hardtii uses flagella for motility. To calculate the flagella work, we multiplied 
the drag force that the C. reinhardtii has to overcome to move with its average 
speed. Hydrodynamic measurements report that the drag force is nearly con¬ 
stant under the given circumstances. So we can calculate the flagellar work also 
as a function of time. 

MATLAB code E4.11.2 employs the thermodynamic data given in Example 
Table 4.11.1 and calculates flagellar work and solves the energy balance to calcu¬ 
late the heat generated. 

MATLAB CODE E4.11.2 

Command Window 

clear all 
close all 

MW_co2-44; 

MW_wa-18.02; 

MW_o2=31.99; 

MW_glu=180.16; 

MW_nh=18.04; 

MWJapo=96.99; 

MW_biomass=23. 36 ; 

MW_tga=1023.6; 
no_ce11=1.3*10*11; 

W=(no_cell*l.03*10*(-14))*(-1); 

H_data=[-394; -285.8; 0; 

-1056; 215.9]; 


-1274.5; -132.80; -1302.5; -204; 
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[t,x] = ode45('odetotalkinetics_first 1 , [0 14], [0.1 

0 . 00000001 ]); 


% biomass&photsynthesis rxn 
for i=l:60; 

n_biomass(i,:)=(((x(i + 1,1)-x(i,1))/MW_biomass)); 
Nh_C02_BP=n_biomass*4*H_data(1,:); 
Nh_water_BP=n_biomass*3.685*H_data(2,:); 
Nh_nh_BP=n_biomass*0.ll*H_data(5,:); 
Nh_hpo_BP=n_biomass*0.01*H_data(6,:); 
Nh_biomass_BP=n_biomass*H_data(7,:); 
Nh_glu_BP=n_biomass*0.5*H_data(4,:); 
Nh_oxygen_BP=n_biomass*4.2125*H_data(3,:); 

Nh photon=n biomass*7.3 53*H data(9,:); 

end 


%lipid rxn 
for i=l:60; 

n_lipid(i,:)=(((x(i+l,2)-x(i,2))/MW_tga)); 
Nh_g1u_TGA=n_lipid*11.5*H_data(4,:); 
Nh_oxygen_TGA_in=n_lipid*H_data(3,:); 
Nh_lipid_TGA=n_lipid*H_data(8,:); 
Nh_oxygen_TGA=n_lipid* 2 2.5*H_data(3, :); 
Nh_water_TGA=n_lipid*20*H_data(2,:); 

end 


% respiration rxn 
for i=l:60; 

n_glu_R=((n_biomass*0.5)-(n_lipid*ll.5)); 
Nh_g1u_R=n_g1u_R* H_dat a(4, :); 
Nh_oxygen_R=n_glu_R*6*H_data(3,:); 
Nh_C02_R=n_glu_R* 6 *H_data(1, :) ; 
Nh_water_R=n_glu_R*6*H_data(2,:); 

end 


for i=60; 

Nh_oxygen_ex= ((n_biomass*4.2125)-(n_lipid*22.5) 
-(n_glu_R*6))* H_data(3,:); 

Nb_oxygen_ex=((n_biomass*4.2125)-(n_lipid*22.5)- 
(n_glu_R*6))*H_data(3,:); 

end 


for i=l:60; 

n_biomass(i,:)=(((x(i+1,1)-x(i,1))/MW_biomass)); 
wb=cumsum(n_biomass*W); 

end 


Qin=Nh C02 BP+Nh water BP+Nh nh BP+Nh hpo BP+Nh photon; 
Qout=Nh_C02_R+Nh_water_R+Nh_oxygen_TGA+Nh_water_TGA+Nh_ 
oxygen_ex; 
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Qac c=Nh_lipid_TGA+Nh_bioma s s_BP; 

Q_total=cumsum((Qout-Qin-Qacc)); 

for i=l:60; 

time(i)=t(i+1); 

end 

[ax, hi, h2]=plotyy(time, Q_total, time, wb) 

set(ax, 'xlim', [0 14] , 'xtick', [0:1:14]); 
set(get(ax(1),'Ylabel 1 ), 1 String', 1 q(kJ/L) ') 
set(get(ax(2),'Ylabel'), 1 String', 'Work(kJ/L) ') 
xlabel ('time (h)') 

title ('heat & flagella work generation - 18.7 mM') 
set(ax(1), 'ylim', [-4 00 0] , 'ytick', 

[-400:40:0] , 'ycolor' , 'black') ; 
set(ax(2), 'ylim', [-0.0005 0] , 'ytick', [-0.0005:0.00005:0], 
'ycolor','black'); 

set(hi,'LineStylecolor','black','LineWidth',2); 
set(h2,'LineStylecolor','black','LineWidth',2); 
legend ('q', 'work','Location', 'Southwest'); 

grid on 

When we run this code, a figure, described in Example Figure 4.11.3, appeared 
on the screen. 
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EXAMPLE FIGURE 4.11.3 Variation of the heat and flagella work generation 
with time during cultivation of Chlamydomonas reinhardtii with the presence of 
18.7 mM of NH/. 
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EXAMPLE TABLE 4.11.2 Chemical Exergy of the 
Chemical Compounds 


Chemical Compounds 

MW (g/mol) 

ex° ch (kj/mol) 

Glucose 

180.2 

2961 

Oxygen 

32.0 

4.0 

h 2 o 4 p- 

97.0 

11.3 

nh 4 + 

18.0 

393.1 

Water (1) 

18.0 

0.9 

Carbon dioxide (g) 

44 

0 (dead state) 

Lipid 

1026.6 

40,542 

Biomass 

23.4 

628.2 


Next, we will solve the entropy or the exergy balance equations to calculate 
either the entropy generation or the exergy destruction. Note that = T 0 s ge „; 

therefore, solving one of these equations provides the necessary information 
on the irreversibilities of the system. Here, we choose to solve for the exergy 
equation because calculating the exergy cost of a living cell and the exergy 
destructed provides more insight. 

In order to solve the exergy equation, we need the work, the exergy of light, 
and the chemical exergy of the species inside the system. Flagella work and 
exergy of light have already been calculated. The chemical exergy of some spe¬ 
cies are found in the literature (Szargut et al„ 1988). But the chemical exergy of 
the lipid and the biomass are not available in the literature. We can estimate 
the chemical exergy based on a hypothesis that the chemical exergy content of 
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EXAMPLE FIGURE 4.11.4 Variation of the heat released and the exergy 
destroyed during cultivation of Chlamydomonas reinhardtii. 
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a substance is related to its lower heating value (LH V) as explained in Example 
2.13. Both correlations suggested by Moran (1982) and Szargut and Styrylska 
(1964) result in similar values. Example Table 4.11.2 lists the chemical exergy 
values used here. 

The exergy destroyed within the system boundaries can be calculated by 
solving the unsteady exergy balance equation given as 


e^destroyed 


m in ex jn - m c 


-w + \ 1 — 


q + exu ght 


f d(mex)'\ 

\ dt L 


Example Figure 4.11.4 shows the results of the energy and exergy balances. 


Example 4.12: Heat Relase, Exergy Destruction, and Entropy 
Generation during Cultivation of Neisseria meningitidis 

Neisseria meningitidis produces an antigen of the deadly disease meningitis 
(Degerli et al., 2015). Cultivation of this organism in a laboratory reactor is 
investigated in this example. The system, its boundaries, the inputs, and the 
outputs are described in Example Figure 4.12.1. 

The molecular weight of n-acetylneuraminic acid is reported as 309.27 g/mol 
(Chemspider, 2013), and that of the serogroup C antigen is reported as 88,000 
g/mol (Apicella and Robinson, 1970), implying that there are 285 repeating 
units of the n-acetylneuraminic acid monomers in the serogroup C antigen. 
Accordingly, the complex reaction chain that occurs in the reactor can be simpli¬ 
fied as two overall reactions (Degerli et al., 2015) given in Example Figure 4.12.2. 



EXAMPLE FIGURE 4.12.1 Schematic description of the system and its 
boundaries. 
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ATP ADP + P 

285Glutamic acid + 285Glucose Antigen + 285Water 



ADP + P 


EXAMPLE FIGURE 4.12.2 Apparent kinetic reactions of antigen (top) and ATP 
production. 

These reactions are comparative. Glucose is either consumed in the energy 
metabolism to produce ATP for cellular activities or converted into a longer- 
chain hydrocarbon (i.e., antigen) in the expense of ATP. 

In this example, a kinetic model is developed to describe the continuous 
mathematical relations between the cell, antigen, and substrate concentrations 
at any moment of the process: 




where 

x max is the maximum attainable biomass concentration 
p is the specific growth rate 

The term ax of the antigen production model implies that it is formed in pro¬ 
portion with the size of the microbial population, and the next term, 
represents the additional product formation rate in proportion with the growth 
rate. The glucose consumption rate is the sum of the rates of substrate con¬ 
sumption for growth, product formation, and maintenance: 



dt Y x dt Y p dt 


where 

Y x is the growth yield (biomass/substrate consumed) 

Y p is the product formation yield (product formed/substrate consumed) 
k m is the maintenance coefficient (Bailey and Ollis, 1986) 

Numerical values of the constants of the model are given in Example Table 4.12.1 
(Degerli et al., 2015): 

The kinetic parameters a, (3, and Y change with the growth phase, sub¬ 
script exp refers to the exponential growth phase and st refers to the stationary 
phase. The model equations are solved with the given kinetic constants via the 
MATLAB code E4.12.1 and compared to the experimentally measured data: 
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EXAMPLE TABLE 4.12.1 Numerical Values of the Constants of the Model When the 
Cultivation Is Achieved with the Dissolved Oxygen Control 


M (1/h) 

v 

max 

(g/L) 

*0 

(g/L) 

^exp Pexp 

ft, 

Y 

* x exp 

Y 

* p exp 

Y 

1 X St 

Y P« 

k m (1/h) 

0.56 

2.85 

0.048 

5.0 x 10- 3 3.3 X 10- 2 3.0 X IQ- 3 

2.0 X 10~ 3 

4.0 

0.18 

1.0 

0.07 

0.06 


MATLAB CODE E4.12.1 

Command Line 

clear all 
close all 
format compact 
global mu xmax 

% enter the constants of the kinetic models 
mu=0.56; % specific growth rate 
xmax=2.85; % maximum growth 

% enter the experimental data (units are in g/L) 
tDatal=[0:2:16]; 

a= [0.07 0.300 0.410 0.840 2.225 2.499 2.510 2.800 2.800]; % 
growth data 

ps = [0 0.005 0.019 0.043 0.085 0.125 0.150 0.175 0.185]; % 
polysaccharide antigen production data 
s = [5 4.4 3.7 3.18 2.6 1.9 1.21 0.48 0]; % substrate 
consumption data 

% microbial growth model 

[t,x] = ode45('sode_02', [0 16], [0.048 0 5]); 

% [0 16] is time interval 

% [0.048 0 5] are initial conditions of biomass, antigen and 
substrate, respectively. 

% plot the microbial growth model 

plot (t, x(:,l), 'k-.', 'LineWidth', 2.0); 

hold on 

% Plot the antigen production and the substrate utilization 
[ax, hi, h2]=plotyy(t, x(:,3), t, x(:,2)); 

% plot of substrate consumption and antigen production models 
set(ax(1), 'ylim', [0 5] , 'ytick' , [0:5] , 'ycolor', 'black'); 
set(ax(2), 'ylim', [0 0.25], 'ytick', [0:0.05:0.25] , 'ycolor', 'bl 
ack' ) ; 

set(hi,'LineStylecolor','red','LineWidth',2); 
set(h2,'LineStylecolor','blue','LineWidth',2); 
legend ('biomass', 'substrate','product', 'Location', 

'NorthEast'); 
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plot(tDatal, a, 'k+') 

[ax, h3, h.4] =plotyy (tDatal, s, tDatal, ps) ; 

set(ax(l), 'ylim', [0 5] , 'ytick', [0:5] , 1 ycolor', 'black'); 

set(ax(2), 'ylim', [0 0.25],'ytick', [0:0.05:0.25] , 'ycolor', 

'black'); 

set(h3, 'LineStyle', '*', 'LineWidth', 2.0, 'Color', 'red'); 
set(h4, 'LineStyle', 'o', 'LineWidth', 2.0, 'Color', 'blue'); 
set(get(ax(1),'Ylabel'),'String','Substrate concentration 
(g/L)'); 

set(get(ax(2),'Ylabel'),'String','Biomass and antigen 
concentration (g/L) ' ) ; 
grid on 

xlabel ( ' t (days) ') 


M-File: 


function dx= sode_02(t,x); 

% This function models the substrate consumption 
mu=0.56; % specific growth rate 
xmax=2.85; % maximum growth 
km=0.06; % maintenance coefficient 


if t<=12; 

alpha = 0.005; % growth associated coefficient 

beta = 0.033; % nongrowth associated coefficient 

Yx=4; % biomass yield 

Yp=0.18; % product yield 

dxl = mu*x(1)*(1-(x(1)/xmax)); 

dx2 = alpha*x(l) + beta*dxl; 

dx3 =-(((l/Yx)*dxl)+((l/Yp)*dx2)+(km*x(3))); 

end 


if t>12; 

alpha=0.003; 
beta=0.00002; 

Yx=l; 

Yp=0.07; 

dxl =mu*x(1)*(1-(x(1)/xmax)); 
dx2 = alpha*x(1)+beta*dxl; 

dx3 =-(((l/Yx)*dxl)+((l/Yp)*dx2)+(km*x(1))); 

end 

dx=[dxl; dx2;dx3]; 


Example Figure 4.12.3 will appear in the screen when we run the code. 

Via the kinetic model, the rates of the reactions of Example Figure 4.12.2 are 
determined. Depending on these, the mass fluxes and the concentration of each 
chemical substance are calculated as a function of time. 

In order to solve the energy and exergy balance equations, thermodynamic 
properties such as the enthalpy of formation, specific heat capacity, specific 
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EXAMPLE FIGURE 4.12.3 Variation of the biomass, substrate, and the product, 
for example, antigen concentrations with time during cultivation of Neisseria men- 
ingitides when the cultivation is achieved with the dissolved oxygen control. 

molar entropy, and the standard chemical exergy data are needed. In this labora¬ 
tory scale reactor, chemicals are dissolved in a dilute aqueous solution at con¬ 
stant temperature (308 K) and pressure (1 atm). Therefore, their thermodynamic 
properties are estimated based on the standard -state conditions, rather than the 
transformed properties. The specific heat capacities of the chemicals are employed 
to calculate the properties at 308 K. Group contribution method (as described in 
Chapter 2) is employed to estimate the heat of formation and Gibbs free energy 
of «-acetylneuraminic acid and its polymer serogroup C polysaccharide antigen 
(Example Table 4.12.2). Their specific heats are calculated based on Kopp’s rule. 
Thermodynamic properties of the biomass are determined by assuming a UCF 
of C 3 85 H 6 69 0 178 N. Details of the calculations can be found in Degerli et al. (2015). 


EXAMPLE TABLE 4.12.2 Molecular Weight and Thermodynamic Data of the Compounds 


Chemical 

Compound 

MW (g/mol) 

h ° f ,298 (kj/mol) 

c p (kj/mol K) 

s° (kj/mol K) 

ex° (kj/mol) 

Glucose 

180 

- 1274.5 

0.226 

0.209 

2955 

Oxygen 

32 

0 

2.94 x 10- 2 

0.205 

3.97 

Glutamic acid 

147.13 

- 1003.3 

0.175 

0.188 

2393.2 

Water 

18 

- 285.8 

7.53 X 10- 2 

9.1 X 10" 3 

0.9 

Carbon dioxide 

48 

- 394.0 

3.71 x 10- 2 

0.215 

19.48 

Antigen 

8.8 X 10 4 

- 4.7 X 10 5 

115 

242 

1.6 X 10 6 

Biomass 

95 

- 512.6 

0.135 

0.138 

2037.1 


Source: Adapted from Degerli, B. et al., Int. J. Exergy, 16,1, 2015. 
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MATLAB code E4.12.2 solves the energy and exergy balances to determine 
the heat release and the exergy destruction during the course of the cultivation. 

MATLAB CODE E4.12.2 

Command Line 

clear all 
close all 

% Input the molecular weights of glucose, glutamic acid, 
antigen (ps) and biomass 

MW_glu=180; MW_ps=88000; MW_GA=147.13; MW_biomass=95; 

RU=285; % repeating unit of n-acetylneuraminic acid is 285 
in antigen structure. 

T=308; % reaction temperature 
T0=298; % reference temperature 

% Input the thermodynamic properties 

% H, S, b of glucose, oxygen, GA, water, co2, ps, biomass 
H_data=[-1272.2; 0.294; -1001.6; -285; -393.6; 

-467711;-511.3] ; 

s_data=[0.209; 0.205; 0.188; 0.0091; 0.215; 242; 0.138]; 

b_data=[2955; 3.97; 2393.2; 0.9; 19.48 ; 1591953;2032.1]; 

% calculate biomass, antigen and substrate concentrations as 
a function of time 

[t,x] = ode45('sode_02', [0 17], [0.048 05]); % [0 17] is 

time interval and [0.048 0 5] are the initial conditions 
of biomass, antigen and substrate, respectively. 

% ENERGY AND EXERGY BALANCE 

% maintenance 
for i=l:4 8; 

n_glu_m(i,:)=((x(i,3)-x(i + 1,3))/MW_glu)-(((x(i+1,1)- 
x(i,1))*0.55)/MW_glu)-(((x(i+l,2)-x(i,2))*RU)/MW_ps); 

% mole of glucose used for maintenance 

% subtract the amount of the glucose used for antigen and 
biomass from the total 

% input the energy balance data 
Nh_glu_m=n_glu_m*H_data(1,:); 

Nh_oxygen=n_glu_m*6*H_data(2,:); 

Nh_C02=n_glu_m*6*H_data(5,:); 

Nh_water_m=n_glu_m*6*H_data(4,:); 

% input the exergy balance data for maintenance 
Nb_glu_m=n_glu_m*b_data(1,:); 

Nb_oxygen=n_glu_m*6*b_data(2,:); 
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Nb_C02 =n_glu_m* 6 *b_data(5,:); 

Nb_water_m=n_glu_m*6*b_data(4,:); 
end 

% antigen production 
for i=l:4 8; 

n p s(i,:)=((x(i+1,2)-x(i,2))/MW p s); % mole of 
polysaccharide antigen 

% energy balance terms for polysaccharide production 
Nh glu p s=n p s*RU*H data(l,:); 

Nh GA ps=n ps*RU*H data(3,:); 

Nh water p s=n p s*RU*H data(4,:); 

Nh ps=n p s*H data(6,:); 

% exergy balance terms for polysaccharide production 
Nb glu p s=n p s*RU*b data(1,:); 

Nb GA ps=n p s*RU*b data(3,:); 

Nb water p s=n p s*RU*b data(4,:); 

Nb ps=n p s*b data(6,:); 

end 

% substrate used for synthesizing the bacterial cell structure 
for i=l:4 8; 

% the moles of biomass is found. Then, 55% of the 
biomass is glucose and 
% 15% of the biomass is nitrogen. 
m_biomass(i,:)=x(i+1,1)-x(i,1); 
n_biomass=m_biomass/MW_biomass; 
n_glu_biomass=(m_biomass*0.55)/MW_glu; 
n_GA_biomass=(m_biomass*0.15)/MW_GA; 

% input terms of the energy balance to calculate the 
substrate entering the cell structure 
Nh_glu_biomass=n_glu_biomass*H_data(1,:); 
Nh_GA_biomass=n_GA_biomass*H_data(3,:); 
Nh_biomass=n_biomass*H_data(7,:); 

% exergy balance terms for substrate entering bacteria 
structure 

Nb_glu_biomass=n_glu_biomass*b_data(1,:); 
Nb_GA_biomass=n_GA_biomass*b_data(3,:); 
Nb_biomass=n_biomass*b_data(7,:); 

end 

% energy balance Qout-Qin 

Qin=Nh_glu_bioma s s +Nh_GA_bioma s s +Nh_g1u ps +Nh GA ps +Nh_g1u_ 
m+Nh_oxygen; 

Qout=Nh_b ioma s s +Nh_p s +Nh_wat er p s +Nh_C02 +Nh_wat er__m ; 
Q_total=cumsum(Qout-Qin); 
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% exergy balance; exergy destruction is determined. 

Nbin=Nb_g1u_bioma s s +Nb_GA_bioma s s +Nb_g1u_m+Nb_oxygen+Nb_g1u_ 
p s + Nb_GA_p s; 

Nbout=Nb_biomass +Nb_C02 +Nb_water_m+Nb_ps +Nb_water ps; 
deltab=Nbin-Nbout; 

Xdestroyed=cumsum(deltab)-Q_total*(1-(TO/T)); 

% antigen exergy efficiency calculation 
Qin ps=Nh glu ps+Nh GA ps; 

Qout ps=Nh ps+Nh water ps; 

Q ps=cumsum(Qout ps-Qin ps); 

disp('The percent exergetic efficieny of the antigen 
production is ') 

eff=sum(n_ps*b_data(6,:))/sum(Xdestroyed)*100 

disp('q ratio = q antigen/q total 1 ) 
q ratio=sum(Q ps)/sum(Q_total) 

for i=l:4 8; 

time(i)=t(i+1); 

end 

[ax, hi, h2]=plotyy(time, Q_total, time, Xdestroyed); 

set(ax, 'xlim', [0 16] , 'xtick', [0:2:16]); 
set(get(ax(1),'Ylabel 1 ), 1 String', 'q (kJ/mole) ') 
set(get(ax(2),'Ylabel'), 1 String', 1 ex_d_e_s_t_r_o_y_e_d (kJ/ 
mole) ') 

xlabel ('time (days)') 

set(ax(1), 'ylim', [-100 0] , 'ytick', [-100:10:0] , 

'ycolor','black'); 

set(ax(2), 'ylim', [0 50] , 'ytick', [0:10:50] , 'ycolor', 'black'); 

set(hi,'LineStyle'color','black','LineWidth',2); 
set(h2,'LineStyle'color','black','LineWidth',2); 
legend ('q', 'ex_d_e_s_t_r_o_y_e_d','Location', 'NorthEast'); 

legend ('q', 'ex_d_e_s_t_r_o_y_e_d','Location', 'NorthEast'); 

grid on 

The following lines and Example Figure 4.12.4 will appear in the screen when 
we run the code: 

The percent exergetic efficieny of the antigen production is 
ef f = 

0.5761 

q_ratio = q_antigen/q_total 
q ratio = - 0.0036 

MATLAB code E4.12.3 calculates the entropy generation: 
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EXAMPLE FIGURE 4.12.4 Variation of the heat release and exergy destruc¬ 
tion with time during cultivation of Neisseria meningitides with dissolved oxygen 
control. 

MATLAB CODE E4.12.3 

Command Line 

clear all 
close all 

% this code calculates the entropy generation 

% molecular weights of glucose, glutamic acid, antigen (ps) 
and biomass are 
MW_glu=180; 

MW_ps=88000; 

MW_GA=147.13; 

MW biomass=95; 

RU=285; % repeating unit of n-acetylneuraminic acid is 285 
in antigen structure. 

T=308; % reaction temperature 
T0=298; % reference temperature 

% H, S, b of glucose, oxygen, GA, water, co2, ps, biomass 
H_data=[-1272.2; 0.294; -1001.6; -285; -393.6; -467711;-511.3]; 
S_data=[0.209; 0.205; 0.188; 0.0091; 0.215; 242; 0.138]; 

b_data=[2955; 3.97; 2393.2; 0.9; 19.48 ; 1591953;2037.1]; 

[t,x] = ode45( 1 sode_02', [0 17], [0.048 0 5]); 

% [0 17] is the time interval % days 
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% [0.048 0 5] are the initial conditions of biomass, antigen 
and substrate, respectively 
% ENERGY Sc ENTROPY BALANCE for oxygen control 

% maintenance 
for i=l:4 8; 

% mole of glucose used for maintenance 

% the glucose used for antigen production and biomass is 
subtracted from the total glucose 
n_glu_m(i,:)=((x(i,3)-x(i+1,3))/MW_glu)-(((x(i+1,1)- 
x(i,l))*0.55)/MW_glu)-(((x(i+1,2)-x(i,2))*RU)/MW ps); 

% energy balance terms for maintenance 
Nh_glu_m=n_glu_m*H_data(1,:); 

Nh_oxygen=n_glu_m*6*H_data(2,:); 

Nh_C02=n_glu_m*6*H_data(5,:); 

Nh_water_m=n_glu_m*6*H_data(4,:); 

% entropy balance terms for maintenance 
NS_glu_m=n_glu_m*S_data(1,:); 

NS_oxygen=n_glu_m*6*S_data(2,:); 

NS_C02=n_glu_m*6*S_data(5,:); 

NS_water_m=n_glu_m*6*S_data(4,:); 

end 

% ENERGY BALANCE FOR MAINTENANCE 
Qin_m=Nh_glu_m+Nh_oxygen; 

Qout_m=Nh_C02 +Nh_water_m; 

Q_m=cumsum(Qout_m-Qin_m); 

% ENTROPY BALANCE FOR MAINTENANCE 
NSin_m=NS_glu_m+NS_oxygen; 

NSout_m=NS_C02+NS_water_m; 
deltaS_m=cumsum(NSout_m-NSin_m); 

Sgen_m=deltaS_m-(Q_m/T); 

% polysaccharide production part 
for i=l:4 8; 

n ps(i,:)=((x(i+1,2)-x(i,2))/MW ps); % mole of 
polysaccharide antigen 

% energy balance terms for polysaccharide production 
Nh glu p s=n ps*RU*H data(1,:); 

Nh GA ps=n p s*RU*H data(3,:); 

Nh water ps=n p s*RU*H data(4,:); 

N h p s=n ps*H data(6,:); 

% entropy balance terms for polysaccharide production 
NS glu p s=n ps*RU*S data(1,:); 
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NS GA ps=n ps*RU*S data(3,:); 

NS water ps=n p s*RU*S data(4 , :) ; 

NS ps=n ps*S data(6,:); 

end 

% energy balance for polysaccharide production 
Qin ps=Nh glu ps+Nh GA ps; 

Qout ps=Nh ps+Nh water ps; 

Q ps=cumsum(Qout ps-Qin ps); 

% entropy balance for polysaccharide production 
NSin ps=NS glu ps+NS GA ps; 

NSout ps=NS ps+NS water ps; 
deltaS_ps=cumsum(NSout ps-NSin ps); 

Sgen ps=deltaS ps-(Q ps/T); 

% substrate entering bacteria structure 
for i=l:4 8; 

% the moles of biomass is found. Then, 55% of the biomass 
is glucose and 

% 15% of the biomass is nitrogen. 
m_biomass(i,:)=x(i+1,1)-x(i,1); 
n_biomass=m_biomass/MW_biomass; 
n_glu_biomass=(m_biomass*0.55)/MW_glu; 
n_GA_biomass=(m_biomass*0.15)/MW_GA; 

% energy balance terms for biomass 
Nh_glu_biomass=n_glu_biomass*H_data(1,:); 
Nh_GA_biomass=n_GA_biomass*H_data(3,:); 
Nh_biomass=n_biomass*H_data(7,:); 

% entropy balance terms for biomass 
NS_glu_biomass=n_glu_biomass*S_data(1,:); 
NS_GA_biomass=n_GA_biomass*S_data(3,:); 
NS_biomass=n_biomass*S_data(7,:); 
end 


% energy balance for biomass 
Qin_b=Nh_g1u_bioma s s +Nh_GA_bioma s s; 
Qout_b=Nh_biomass; 

Q_b=cumsum(Qout_b-Qin_b); 

% entropy balance terms for biomass 
NS i n__b=N S_g 1 u_b i oma s s +NS_GA_b i oma s s ; 
NSout_b=NS_biomass; 
deltaS_b=cumsum(NSout_b-NSin_b); 
Sgen_b=deltaS_b-(Q_b/T); 


% TOTAL ENTROPY GENERATION 
Sgen total=Sgen m+Sgen ps+Sgen b; 
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for i=l:48; 

time(i)=t(i+1); 

end 

hold all 

plot (time,Sgen_total, 1 k- 1 , 'Linewidth 1 ,2) 

plot (time,Sgen_m, 1 k: 1 , 'Linewidth 1 ,2) 

plot (time, Sgen_jps, 1 k-. 1 , 1 Linewidth2) 

plot (time, Sgen_b, 1 k--', 'Linewidth2) 

xlim([0 16]) 
ylim([-0.02 0.20]) 
xlabel(■time (days)') 
ylabel(■s_g_e_n (kJ/K) ') 

legend(■s_g_e_n total','s_g_e_n of maintenance','s_g_e_n 
of antigen production 1 s_g_e_n of biomass production', 
'location','Northwest') 

grid on 

When we run this code, Example Figure 4.12.5 will appear in the screen. 



EXAMPLE FIGURE 4.12.5 Variation of the total entropy generation and its 
contributors with time during cultivation of Neisseria meningitides with dissolved 
oxygen control. 
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4.2 Eco-Exergy 

Correlations suggested by Moran (1982) and Szargut et al. (1964) are originally derived 
to estimate the chemical exergy of hydrocarbons used as fuels. From this point of 
view, a fuel and a living cell would have the same chemical exergy, if their UCF are 
the same. However, a cell performs a number of biochemical reactions to stay alive. 
To do that, a living organism has to have the correct composition of enzymes and 
amino acids. The chemical exergy required for the synthesis of an organism may be 
expressed as 


Chemical exergy 


Chemical exergy required 


Chemical exergy 

needed to 


for the formation 

+ 

required for the formation 

synthesize an organism 


of the DNA 


of the RNA 


Chemical exergy 


Chemical exergy 


Chemical exergy required 


required for 


for the formation 

required for the 

+ 

+ 

of other necessary 

storing energy 

formation of the proteins 



chemicals 



reserves 



In this expression, the exergy of the stored energy reserves includes polymers of glu¬ 
cose, for example, cellulose, glycogen, and fats. The expression chemical exergy required 
for the formation of other necessary chemicals refers to all of the chemicals synthesized 
by the organism to stay alive and is not accounted for in the first four terms on the 
right-hand side. The turnover of the constituents, such as the genetic material and the 
enzymes, and development of the immune response are among the factors that are con¬ 
tributing to the exergy cost. 

In an effort to estimate the exergy of living organisms, (Jorgensen and Nielsen, 
2007; Jorgenson et al., 2007) defined eco-exergy. Eco-exergy is referred to as the work 
capacity possessed in the ecological network of organisms. Energy cost of synthesiz¬ 
ing each organism is determined by the information embodied in their genome. As 
seen in Figure 4.9, the exergy of the ecosystem is calculated relative to a dead state 
at the thermodynamic equilibrium, where all the components are inorganic at their 
highest possible oxidation state. It is generally accepted that the ecosystems are able 
to utilize the influx of the solar radiation to move as far away from the thermody¬ 
namic equilibrium as possible (Jorgensen, 2015). Among the alternative combinations 
of the system components including various types of organisms, the combination of 
the components that move the system most away from the thermodynamic equi¬ 
librium becomes the prevailing ecosystem (Jorgensen et al., 2010). This statement is 
referred to as the thermodynamic version of Darwin’s survival of the fittest hypothesis 
(Jorgensen, 2015). 
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FIGURE 4.9 Both the ecosystem and the dead system are at the same temperature and pressure. 
The reference system is at the thermodynamic equilibrium. Additional exergy, named as the 
eco-exergy, is needed to produce a living ecosystem from the reference system. 


The genome of an organism codes for the sequence and the amount of the amino 
acids of their proteins. Jorgensen et al. (2010) estimated the free energy of formation 
of a representative peptide of Escherichia coli from the following model chemical 
reaction: 


C4.793H7.669O1.396N1.370S0.046 + 7.80502 —» 4 . 793 C 02 
+ 3.1265H 2 0 + 3.1270NCV + 0.046S0 4 2 ~ + 1.416H + 

where C 4 793 H 76 690 i. 370 S 0 .046 is the model average peptide; this model chemical reac¬ 
tion represents its complete oxidation after burning with oxygen: 


Age = 4.793mAg£ 0z +3.1265A^ 0 +3.1270^ +0.046^ 
+ 1.416A^ + - Agpepude - 7-805Ag£ 2 
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TABLE 4.6 Gibbs Free Energy of Formation of Some Organisms 


Organism 

Number of Peptides 

kgtrsmim (kj/mol) 

Virus 

250 

(250) (-2723.26) = -6.80 X 10 5 

Yeast 

8,000,000 

-2.18 X 10 10 

Mosquito 

80,250,000 

-2.19 X 10 11 

Homo sapiens 

543,000,000 

-1.48 X 10 12 


The Gibbs free energy of combustion of this reaction is calculated by Jorgensen et al. 
(2010) as A g c = —2723.26 kj/mol, which maybe regarded as the exergy utilized to synthe¬ 
size the peptide chain from its constituents at the dead state. After considering this piece 
of information as the standard yard stick, Jorgensen et al. (2010) calculated the Gibbs 
free energy of formation of other organisms (Table 4.6). 

The total exergy of an ecological system may be expressed approximately as (Fonseca 
et al., 2002) 


n 

ex = RTY'fo 

i-l 


where 

eXi = RTfifij is the exergy 
P, is the free energy 

Cj is the concentration (in kg/m 3 ) of the rth species in the ecological system 


Zhang et al.’s (2007) study regarding the recovery of ecological communities at the 
depths of the ocean near Chongming Island, near Shanghai City, with the data collected 
before and after an excavation work exemplifies the use of the previous equation with 
numerical data. Kernegger et al. (2008) used the same expression to estimate the varia¬ 
tions of the exergetic value of the fisheries extracted from the oceans. Jorgensen et al. 
(2005) suggested the following expression for the estimation of the parameter P: 


P = l + 


«(!-/) 

7.34xl0 5 


To demonstrate the eco-exergy concept, let us calculate the eco-exergy of the biomass of 
C. reinhardtii. For C. reinhardtii the exergy factor p can be taken as 20, which is the same 
exergy factor for an alga as reported by Jorgenson. 

Jorgensen et al. listed the exergy of detritus, bacteria, algae, and human as 18.7, 50.5, 
64.2, and 13,389 kj/g, respectively. The exergy of living organisms are calculated based 
on the exergy of detritus. To compare these exergy values with our calculations, the dif¬ 
ference in exergy of the organisms and detritus (which represents the dead state) has to 
be taken. The exergy content of the cell debris calculated according to Moran’s correla¬ 
tion is 28.4 kj/g. This is comparable to a bacteria cell. The eco-exergy difference between 
a bacteria and detritus is 31.8 kj/g. The exergy values estimated based on LH V are about 
10% less than the eco-exergy values reported for similar organisms. 
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4.3 Entropy as a Measure of Information 
in Biological Systems 

In biological systems, entropy is used to measure irreversibilities of biochemical pro¬ 
cesses, to determine the information contained in a DNA sequence, and to predict life 
span of organisms. This chapter is devoted to explain how the information content of a 
living organism can be quantified by defining the information entropy. 

There are two different types of information in the biological systems: the structural 
information and the functional information (Davies et al., 2013). The former is related to 
the neat and tight packing of various molecules into macromolecules and organelles to 
comprise the cell, which tends to improve the order and reduce the entropy. The func¬ 
tional information is related to the functioning of the cell and therefore related to the 
number and the rate of the chemical reactions taking place. 

Proteins are synthesized in accordance with the information stored in the encod¬ 
ing gene; the DNA/RNA polymerase translocates along a DNA single strand, reads one 
nucleotide at a time, identifies a complementary nucleotide in the environment, and 
processes the information by catalyzing a phosphodiester bond in the emerging repli¬ 
cated strand as described in Figure 4.10. 

Cells are equipped with mechanisms to correct the errors made during DNA expres¬ 
sion to keep their structure well organized and achieve a level of the minimum struc¬ 
tural entropy. The failure of those mechanisms disturbs the well-being of the organism. 
Macroscopic variables describing the chemical, morphological, structural, and physiologi¬ 
cal state of the cell can be used to define its entropy. It is hypothesized that entropy flow 
toward healthy cells causes diseases by destroying the order in the cell’s chemical, morpho¬ 
logical, structural, and physiological state. Luo (2009) argues that the cause of the spread of 
cancer is the entropy flow from the cancerous cells to healthy cells, which communicate the 
harmful information. Luo suggests that the reversal of the entropy flow can be a potential 
basis for an anticancer therapy development. Luo (2009) estimates the magnitude of the 
entropy production by the cancerous cells to be about twice as much as that of the healthy 
cells. The direction of the entropy flow may be reversed by using low-intensity electromag¬ 
netic field or ultrasound irradiation or by modifying the cellular pH. Similarly, West et al. 
(2012) described a cellular phenotype as a complex network of molecular interactions and 
demonstrated that the cancer cells are characterized by an increase in the network entropy. 
They argued that revealing the network properties that distinguish disease from the healthy 
cellular state is of critical importance for the development of cancer treatments. 

In the DNA strain, three nucleotides make one codon. Since there are four nucleotides 
(A, G, C, and T in DNA or U in the RNA), it is theoretically possible to make 64 differ¬ 
ent combinations or codons (4x4x4 = 64); 3 codons (UAA, UAG, and UGA) specify 
a stop signal, indicating the termination of the polypeptide chain being synthesized on 
the ribosome. Each of the remaining sixty-one codons encodes an amino acid. The start 
signal is the codon AUG, which also codes the amino acid methionine. When all the 
nucleotides are available in abundance in a cell, we may estimate the probability of syn¬ 
thesizing a sequence of methionine-glutamic acid-alanine-arginine-lysine as 


Psytithesis (pmethionine ) (Pglutamic acid ) (palanine ) (Parginine ) (Plysine ) 
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Parent DNA double 
strand is opening up 


- e > m 



The next site where 
DNA/RNA polymerase 
will add a new nucleotide 


FIGURE 4.10 Schematic description of the synthesis of the new DNA strands. 


There is only one codon coding for methionine, two codons are coding for glutamic acid, 
four codons are coding for alanine, and six for arginine and two for lysine. Therefore, 


Psynthesis 



= 8.9x 1CT 8 


This calculation may be generalized after approximating p k as (Sanchez, 2011) 

p k =exp[-g k n k ] 


where 

n k is the number of the codons coding for the fcth sequence ( n k = 5 in the previous 
example) 

the parameter g is a positive number and referred to as the degeneracy 
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Then the probability of occurrence of the sequence with n k codons is 


m 

PN = ]~[ Pt : 


- exp 


,gkn k 


We may further rearrange the right-hand side of the equation as 


Pn = exp 




N 


where 


Z m 

k=1 

gaverage 


tik = N is the total number of the coding codons in the genome 
is the case-specific average degeneracy; it was calculated as g average 
previous example (Sanchez, 2011) 


= 3.24 in the 


If, in a genome with N codons, the maximum number of the ways the codons may be 
arranged is Q, then the Gibbs entropy of the genome maybe estimated as (Sanchez, 2011) 


s = -k, 


^p i \n(p i ) = -k B J]^\ 


In 


= 3.06 k B N 


This equation implies that the larger the value of N is, the higher would be the magni¬ 
tude of the genetic information and that of the entropy, which is crucial in determin¬ 
ing the energy or exergy requirement for the synthesis of an organism. The longer the 
genetic strand is, the higher would the information needed to execute it be. Thus, it 
would contain an information entropy. It should be noted that all the codons on a strand 
do not code for an amino acid; the ratio of the codons that are coding for the amino 
acids is estimated to be about one-third of the total (Sanchez, 2011). 

It was already stated in Chapter 1 that in statistical mechanics, a specific microscopic 
configuration of a system may occur with a certain probability in the course of its ther¬ 
mal fluctuations. If is the probability of the occurrence of the thermodynamic state 
during these fluctuations, then the entropy of the system is 

s = -k B ^pi\n(pi) 


where k B is the Boltzmann constant. In a similar way, the information entropy is 
expressed as (Shannon, 1948) 
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where k is a constant. In information science, logarithms are usually expressed on the 
base of two, as in the case of log,(p,). Calculation of the information entropy for a gene 
strand is described with a MATLAB code in the following example. 


Example 4.13: Information Entropy of a DNA Strand 

Arias-Gonzalez (2012) devised an equilibrium pathway for the DNA replica¬ 
tion. This example demonstrates the calculation of the information entropy of 
a DNA strand by referring to Shannon’s theory. The DNA/RNA polymerase 
acts as a channel from the information point of view, since it passes the genetic 
information from a template strand to its copy. The DNA/RNA polymerase 
gets energy from deoxyribonucleotide triphosphate hydrolysis to move along 
the DNA in individual steps of 0.34 nM by developing 10-30 pN of force. 
A sequence in the template standard can be identified as a vector y = (y v ... 
y t ,...y„), where subscripts i and n are the index numbers referring to a posi¬ 
tion along the strand and the number of the nucleotides. The copied strand is 
represented as x = (x 1 ,...x i ,...x„). The probability of having n nucleotides in a 
sequence is p = (p ly . . .p t „ . .p„). Then the corresponding entropy is expressed as 

s mfo = -3.22 logio(pi) 

i=l 

The probability of incorporating a nucleotide x in front of a nucleotide y is 
estimated from the experimental data as (Arias-Gonzalez, 2012) 

P(x,y) = -^-exp 
z(y) 



where 


* 00=2 


A gy 

kT 


The values of Ag* are obtained from the experimental data as explained by 
SantaLucia and Hicks (2004). We will employ MATLAB code E4.13 to calculate 
sinfoof a section of the strand of base pairs GC CG CG AT GC TA TA CG AT GC: 

MATLAB CODE E4.13 

Command Window 

clear all 
close all 


% enter the dGO values at 37 oC and 150 mM NaCl in 
alphabetic order 
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dGO=[1.01 1.7 0.34 -1.65; 1.5 1.78 -2.78 1.46; 0.03 -2.69 
-0.88 0.14;-1.64 1.39 -0.16 0.71] *4.184; 

% data (in kT units) is taken from from SantaLucia and Hicks 
(2004), Appendix SI 

% multiplication with 4.184 coverts kT units into kJ 
kB=0.0083144621; % Boltzmann constant (kJ/mol) 

T=37+273; % Body temperature (K) 
z=exp(-dGO/(T*kB)); 

Z=sum(z); % Z(y) values for A, C, G, T respectively 
Z4x4=[Z;Z;Z;Z]; % Z(y) values as a 4x4 matrix to do element 
wise division 
p=z./Z4x4; 

disp('The p(x,y) values at for A, C, G, T respectively at 
37C and 150 mM NaCl concentration') 
disp(' ') % spacer 

disp(p) % The p(x,y) values will appear on the screen, the 
columns will add up to 1 
Sinfo_base=-3.22*(p.*logl0(p)); 

disp('Information entropy values for each base pair 
combination in alphabetic order as a matrix') 
disp(' ') % spacer 

disp(Sinfo_base) % Sinfo values will appear on the screen 
s = Sinfo_base 

dna=input('Enter the DNA sequence' , ' s ' ) ; 
dna=upper(dna); % make the sequence uppercase 
dna(dna == ' ') = []; % remove spaces 

disp(['The sequence is ' num2str(numel(dna)) ' bp long']) 

nAA=numel(strfind(dna,'AA')); % number of AA/TT in the DNA 
sequence (This must be done for all 16 possible 
combinations) 

nAC=numel (strf ind(dna,'AC')); 
nAG=numel (strf ind(dna,'AG')); 
nAT=numel (strf ind(dna,'AT')); 
nCA=numel (strf ind(dna, 'CA')); 
nCC=numel (strf ind(dna,'CC')); 
nCG=numel (strf ind(dna,'CG')); 
nCT=numel (strf ind(dna,'CT')); 
nGA=numel (strf ind(dna,'GA')); 
nGC=numel (strf ind(dna,'GC')); 
nGG=numel (strf ind(dna,'GG')); 
nGT=numel (strf ind(dna,'GT')); 
nTA=numel (strf ind(dna,'TA')); 
nTC=numel (strf ind(dna,'TC')); 
nTG=numel (strf ind(dna,'TG')); 
nTT=numel (strf ind(dna,'TT')); 

% multiply the number of each combination with the 
corresponding entropy 

Sinfo_DNA= nAA*s(l,l)+ nAC*s(l,2)+ nAG*s(l,3)+ nAT*s(l,4)+ 
nCA* s(2,1)+ nCC*s(2,2)+ nCG*s(2,3)+ nCT*s(2,4) + 
nGA* s(3,1)+ nGC*s(3,2)+ nGG*s(3,3)+ nGT*s(3,4) + 
nTA* s(4,1)+ nTC*s(4,2)+ nTG*s(4,3)+ nTT*s(4,4); 
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disp(['The DNA with the given strand has an information 
entropy of ' num2str(Sinfo_DNA) ' kJ/(K mol).']) 

% The length of the sequence and its Sinfo will be displayed 
on the screen 


when we run the code, the following lines will appear on the screen: 

The P(x,y) values at for A, C, G, T respectively at 37C and 
150 mM NaCl concentration 


0.0125 
0.0056 
0.0612 
0.9207 


0.0008 
0.0007 
0.9972 
0.0013 


0.0059 
0.9378 
0.0429 
0.0133 


0.9235 
0.0059 
0.0505 
0.0200 


Information entropy values for each base pair combination in 
alphabetic order as a matrix 


0.0765 
0.0408 
0.2391 
0.1064 


0.0080 
0.0071 
0.0040 
0.0123 


0.0425 
0.0842 
0.1890 
0.0805 


0.1028 
0.0425 
0.2109 
0.1095 


Then the following command will appear on the screen 


Enter the DNA sequence 


when we enter the code (Data, NCBI Reference Sequence: NM_001274316.1) to 
the command window, the following line will appear on the screen: 


The sequence is 611 bp long 

The DNA with the given strand has an information entropy of 
46.5998 kJ/(K mol) . 

Data (NCBI Reference Sequence: NM_001274316.1) 
atcagtttctgaacactgcaaacatgaaggctttcatcgttctggttgccctggctct 
ggccgctcctgctcttggtcgcaccatggaccgttgctccctggcccgggagatgtcc 
aacctgggcgttcctcgtgaccaattggctcgttgggcctgcattgccgagcacgagt 
cctcctaccgcaccggagtggttggtcccgagaactacaacggctccaacgactacgg 
aatcttccagatcaacgactactactggtgcgctcctcccagcggtcgcttctcctac 
aatgagtgcgggttgagctgcaatgccctcttgaccgacgacatcacccactccgtcc 
gttgtgcccagaaggtcctcagccagcagggatggtccgcctggtccacctggcacta 
ctgcagcggatggttgccgtccatcgatgactgcttctaaaccgatttcgaccctgaa 
taaaatgattgcataacaccagcatctcctcttcgaattatagatctgttaatagctt 
acgttaaactggcatactagtttgtccaaattcgattcccttagtactagtaccagtg 
ctattagtttttccacacttaactagaaaat 
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Example 4.14: Entropy Change in a Fertilized Egg 

When we take an unfertilized egg out of a refrigerator at T coU and leave it at 
a room temperature T room until a thermal equilibrium is achieved, the total 
entropy change of the egg plus the air will be 


~ Troom 



f c ‘gg dT 

_1_ 

Qroom 

J T 

i 

T 

_ x room _ 

_ T C old J 




In this expression 

A s Tota i is the total entropy change 


(c m dTIT) 


Tcold 


is the entropy change of the unfertilized egg during its 


temperature change from T cold to T room 
c egg is the specific heat of the egg 

q room is the heat transferred from the air in the room to the egg at the room 
temperature T room 

q r oomlT r oom is the entropy change in the room 


A s Total is positive because heat transfer through a finite temperature difference 
is an irreversible process. 

When a fertilized egg goes through the same process, an extra term appears 
in the expression 


^$Total = 


" Troom 



f c ‘gg dT 

_|_ 

Qroom 

J T 

i 

T 

_ 1 room _ 

_ T co id _ 




+ As 


reaction 


where A s reactlon is the entropy change, which occurs because of the biochemi¬ 
cal reactions occurring in the fertilized egg. In the fertilized egg, genes are 
expressed to develop an embryo in the egg (Sanchez, 2011). The first two terms 
of the right-hand side of this equation tend to increase the entropy of the uni¬ 
verse as suggested by the second law of thermodynamics, whereas the last 
term A s reaction is negative, since it is related to a process that increases the order 
(Dinner and Qengel, 2001; Sanchez, 2011). The longer is the genetic code, the 
more will be the energy needed to carry out the reactions associated with the 
entropy change term A s reaction . 

The minimum work that the biosystem fertilized egg has to perform is 
w mm = T 0 A s reaction . This work has to be performed by ATP hydrolysis (Example 
Figure 4.14.1). 
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Disordered 

organic 

material 

(high 

entropy) 



^ f Work must be performed 
to decrease entropy 


EXAMPLE FIGURE 4.14.1 Description of the entropy change during the growth 
of the embryo in the fertilized egg. 


Example 4.15: Estimation of the Energy Cost of mRNA and 
Amino Acid Turnover in Saccharomyces cerevisiae 

The energy cost of synthesizing the mRNA is the sum of the energy costs of 
the nucleotides of both the unexpressed part of the mRNA and those of the 
sequence coding for the amino acids and the energy cost of the polymerization, 
for example, that of connecting the nucleotides along the polymer chain. The 
elongation rate of an mRNA strand may be expressed as (Wagner, 2005) 


dn m sNA 

dt 


kdiltriRNA 


where 

n mRNA i s the number of the nucleotides in an mRNA strand 

r s is the synthesis rate of the mRNA 

k d is the dissociation constant of the mRNA 

Under the steady-state conditions, when dn mRNA /dt = 0, the energy cost of the 
turnover may be calculated as r s C s = (k d n mRNA )C s , where C s is the energy cost 
of synthesizing the specific mRNA. After collecting data from the literature, 
Wagner (2005) states that the mean length of a yeast RNA is 1474 nucleotides 
and the mean cost of precursor synthesis for per nucleotide, as derived from the 
base composition of yeast-coding regions, is 49.3 high-energy phosphate bonds. 
There are 1.2 mol of mRNA/cell, and the decay constant k d mRNA = 5.6 x 10 -4 s -1 ; 
then the energy cost of the mRNA synthesis is calculated as 


Energy cost of the 
mRNA synthesis 


= [5.6 x 10“ 4 s -1 ] [1.2] [1474] [49.3 P] = 48.8 P/s 


where P stands for the energy of a high-energy phosphate bond. 

Wagner (2005) argues that the median length of a yeast protein is 385 amino 
acids, the polymerization cost is 30.3 high-energy phosphate bonds/amino acids, 
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there are 2460 protein molecules in a cell, and the decay constant is k d protei „ = 
1.92 x 10 -5 s -1 and then estimates the energy cost of the protein turnover as 


Energy cost 
of protein synthesis 


[1.92xl0“ 5 s -1 ] [385] [2460] [30.3 P] = 551 P/s 


When the ATP to ADP conversion reaction provides the high-energy phosphate 
bond with the reaction ATP + H 2 0 —>ADP + P, we may estimate the energy 
cost as 30,514 kj/mol high-energy phosphate bond; therefore, the energy cost 
of mRNA synthesis is estimated as (48.8 mol high-energy phosphate bond/s) x 
(30,514 J/mol high-energy phosphate bond) = 1.5 MJ/s and that of the protein 
turnover as (551 mol high-energy phosphate bond/s) x (30,514 J/mol high-energy 
phosphate bond) = 16.8 MJ/s. 


4.4 Behavioral Homeostasis Theory 

According to the behavioral homeostasis theory in the case of external changes, 
an organism rapidly rearranges itself to cope with the new stimuli and minimize 
unnecessary energy expenditure (Eisenstein et al., 2012). The variations in the protein 
structure are typical examples to the behavioral homeostasis theory at the molecular 
level (Figure 4.11). At low environmental temperature, the primary structure of a 
peptide chain folds to make the secondary structure, ex-helix and ]3-sheets, to achieve 
a lower energy level. Hydrogen bonds are made in this process to lower the energy 
level of the system. The cx-helixes and the p-sheets fold further together to achieve an 
energy level lower than what they achieved by making the secondary structure. The 
protein chains that fold to make the tertiary structure still search for a lower energy 
level and make aggregates, which is referred to as the quaternary structure (Schulz 
and Schirmer, 1979). 

When the environmental temperature increases, the quaternary structure dissoci¬ 
ates. If this protein is an enzyme, it loses its activity upon dissociation. After going back 
to a low-temperature state, it may fold back to the quaternary structure and regain its 
activity, which is a problem in food processing. Upon thermal treatment, if the pri¬ 
mary structure of the protein is destroyed, no enzyme activity maybe reestablished after 
returning back to the low-temperature state (Machado and Saraiva, 2005). 

There are a vast number of examples for the minimization of the energy expenditure 
in biological systems: a well-known example is the loss of the muscles of hospitalized 
people (Pavy-Le Traon et al., 2007). If a patient spends an elongated period of time in 
bed, then the body starts depleting the unused muscles. Similarly microorganisms pro¬ 
duce some metabolites, such as amino acids, only in required quantities. In order to 
achieve industrial overproducer species, the control mechanism is eliminated via muta¬ 
tions (Ozilgen, 1988). Another example can be given considering the energy metabo¬ 
lism of yeast species. Some yeast species employ only the glycolytic pathway of the 
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FIGURE 4.11 Processes occurring during the establishment of the protein structure at low tem¬ 
perature. The process reverses itself and the quaternary structures dissociate themselves back into 
amino acid chains in a high-temperature environment. 


energy metabolism. Under unfavorable environmental conditions, such species min¬ 
imize their energy expenditure, via minimizing the synthesis of the enzymes, which 
would not be needed for the survival (Kitagaki and Takagi, 2014). 

Biological processes, such as protein synthesis carries substantial costs beyond those 
of the chemical exergy or internal energy of formation of the amino acids themselves, 
such as the energy costs of charging of the tRNAs with the amino acids, initiation of 
the translation at the ribosome, translocation of the ribosome along the mRNA, and 
the termination of the process. In a yeast cell, under the respiratory conditions, the 
median energy cost of the synthesis of an amino acid of a protein was estimated to 
be 30.3 high-energy phosphate bonds (Wagner, 2005). We need to carry out a lot of 
research to obtain further information regarding the other costs that may still remain 
unaccounted. 

Living beings have their own energy budget; when they experience an increased 
demand for thermoregulation or parental care, they may reduce the energy allocated for 
costly maintenance processes such as immunological defense or DNA repair and real¬ 
locate it for the emerging necessity (Nilsson, 2002). 
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4.5 Thermodynamic Aspects of Aging 

Aging research follows two major paths. One of these paths focuses on the biologi¬ 
cal nature of aging and uses experimental observations to understand how and why 
the cells age. Another major path employs the fundamental principles of thermody¬ 
namics (Hamalainen, 2005). With the advancement of the experimental techniques, it 
became possible to trace the aging-related microscopic changes in the cell morphol¬ 
ogy (Toussaint et al., 1995; Nystrom, 2007). The gene-level aging occurs with distortion 
of the DNA strands (Giese et al., 2002), and the cells attempt to reverse this process 
via destroying the mutated strands (Davies et al., 2013). The telomere-induced cellu¬ 
lar aging theory suggests the presence of a gene-level built-in program, which triggers 
death to prevent the mutations to propagate to the forthcoming generations (Kosmadaki 
and Gilhrest, 2004). A comprehensive review of the biological phenomena occurring 
in aging muscle is presented by Carmeli et al. (2002). Metabolic activity is reported to 
be decreasing with aging (Zotin and Zotin, 1997). Significant age-associated alterations 
are observed in oxidative phosphorylation during aging of the cytoplasmic hybrid cells 
carrying mitochondria from skeletal muscle and brain cells (Li et al., 2013). Toledo and 
Goodpaster (2013) argue that the lower mitochondrial capacity associated with obesity, 
type 2 diabetes, and aging may be reversed with increasing the physical activity level, 
which may improve the mitochondrial content and perhaps functioning of individual 
mitochondria. While describing the aging of a fibroblast stem cell system, Toussaint 
et al. (1995) described the evolution of seven morphologically distinguishable groups of 
strains within single species and related the structural changes with the entropy accu¬ 
mulating in the DNA and other cellular components. 

If we analyze aging from a thermodynamic point of view, then entropy can be used 
as a measure for age, in accordance with Schrodinger’s statement, living organisms must 
maintain a state of high organization (1944). The entropy balance equation for an open 
biological system is written as 


^ ms - ms + 

in out _ 

Entropy transfer via mass transfer 

In order to understand the effect of entropy on aging, let us evaluate the physiological 
meaning of each term in this equation one by one. 

• Entropy transfer via mass transfer: We have already differentiated between bio¬ 
mass-consuming and biomass-generating processes. In biomass-producing pro¬ 
cesses, reactants have a high entropy level, and molecular bonds between these are 
formed to store energy. This process increases order, so that the entropies of the 
products are low. Then, the net entropy transfer via mass transfer is positive. Work 
(either extracted from solar energy in photosynthetic species or extracted from 
the energy metabolism) must be performed to enable this process. 


If 

, i ’, 

Entropy transfer 
via heat transfer 


*' i J gen 
Entropy 


d( ms ) system 

dt 


generation Entropy accumulation 
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• All biological systems must perform biomass-consuming processes (like the 
energy metabolism in a cell) to generate work for intracellular activities. In the 
energy metabolism, nutrients are oxidized, molecular bonds are broken, and work 
is generated from the released Gibbs free energy. Thus, the net value of the term 

S ths- / ms is negative for biomass-consuming processes. 

• Entropy transfer via heat transfer : In the energy metabolism, nutrients that have 
a high enthalpy are oxidized, and low-enthalpy products are extracted out of the 
biological system. For a resting biological system, the difference in the inflow 
and outflow enthalpy has to be equal to the heat released out of the system, that 
is, q = Ah metaboUcreactil)ns <0. So, for biomass-consuming processes, heat transfer is 
always negative as shown in Figure 4.12. As the metabolic heat is transferred out 
of the system, entropy flows out of the system, too. The term entropy transfer via 
heat transfer can be written as AjlTj = (q/furfme) < 0 for a system that is only 
in contact with one thermal reservoir (in Figure 4.12, this thermal reservoir is the 
surrounding air). Heat flows through a finite temperature difference; therefore, 
the entropy flowing into the outer layer of the body is qlT innercore and the entropy 
flowing out of the outer layer of the body is ql T smface . Since T innercore > T surface , entropy 
is generated in the outer layer of the body. 

• Entropy generation: Internal irreversibilities in a process generate entropy. In 
an ideal system, every process occurs reversibly; thus, s = 0. In actual systems 
s gen > 0. Consider a neuron cell, which needs to transfer K + from the extracellular 
region in order to return to its resting condition. If the concentration of K + , c K +, in 
the extracellular region is larger than c K+ in the cell, then K + can flow in the direc¬ 
tion of the concentration gradient, like in the case of a passive diffusion. This is 



FIGURE 4.12 Schematic description of the entropy generation with the metabolic heat release. 
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an irreversible process and generates entropy. But, if the c K+ in the extracellular 
region is low, then the cell has to perform work to take the necessary K + into the 
cell. That would require a minimum work of 


— 


= RT 0 \n 


C TlC, cell 


K + , extracellular region 


\ 


/ 


• Entropy accumulation-. Biological systems are rarely at steady state; therefore, we 
may observe an entropy change in the system with respect to time. Our previ¬ 
ous discussion shows that both of the entropy transfer terms are negative for 
biomass-consuming processes, and entropy generation term is always positive 
for actual processes. Hence, the accumulation term may be positive, negative, 
or zero, depending on the numerical values of the transfer and generation terms 
(Figure 4.13). For an ideal system, where s gen = 0, accumulation would be negative. 
As the irreversibilities in the system increases, accumulation term increases and 
may become zero or positive. 

There are numerous theories that aim to relate entropy with aging. Ilya Prigogine was 
awarded the Nobel Prize in Chemistry in 1977 for his pioneering work on the dissipative 
structures (Prigogine, 1977; Macklem, 2008). The dissipative structure theory states that 
the open systems are capable of continuously importing energy from the environment 
while exporting entropy (Prigogine, 1977; Demirel, 2010). The concept of dissipative 



FIGURE 4.13 Schematic description of how entropy decreases in the biological systems due to 
biomass-consuming processes. 
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structures when considered together with the other topics of nonequilibrium thermo¬ 
dynamics is proved to be quite useful in chemical, biological, and mechanical engineer¬ 
ing applications (Demirel and Sandler, 2004). To sustain their growth, the dissipative 
systems must not only increase their entropy exporting potential but also eliminate the 
entropy accumulation over time. Otherwise, the accumulation of positive entropy in 
the system will eventually bring it to thermodynamic equilibrium, a state in which the 
system cannot maintain its order and organization. It has already been more than three 
decades since Prigogine had received the Nobel Prize; the recent version of this theory is 
the entropy and the exergy balances pertinent to the living systems. 

Hershey (1974) and Hershey and Wang (1980) calculated the human life span entropy 
in terms of the metabolic heat generation divided by the body temperature. Their work 
led to the definition of the concepts like entropic age, expected life span, and senile 
death. Silva and Annamalai (2008, 2009) related the concept of the life span entropy 
and related it with the level of the physical activity of the people and the composition 
of their diet. Demetrius et al. (2009) draw attention to the point that body size is a 
fundamental property of an organism, which regulates the rate at which an organ¬ 
ism transforms the energy of resources into biological work, hence the metabolic rate, 
and showed that the life span entropy is related to the life span and the body size. 
Prigogine and Wiame’s (1946) theory has been interpreted by Balmer (1982) that the 
organisms have evolved over the years to minimize entropy generation, for example, 
d(ms) gen ldt. Within the context of this statement, biological systems maybe considered 
as open systems living under near-steady-state conditions and evolving very slowly in 
the direction of reducing the entropy generation, which reaches to a minimum when 
the organisms’ adaptation to their environment has concluded (Hollinger and Zenzen, 
1982; del Castillo and Vera-Cruz, 2011). 

Biological systems have limited capacity of accumulating entropy. When the total 
entropy accumulation in a living being reaches a certain limit, which is referred to as 
the life span entropy, it dies. In the previous studies, life span entropy was related to 
the nutrient consumption (Silva and Annamalai, 2009) and heat loss from the body 
(Aoki, 1989,1994; Silva and Annamalai, 2008). Increase of the cellular entropy is related 
to aging according to the literature (Hayflick, 2007; Salminen and Kaarniranta, 2010), 
which occurs because the changed energy states of biomolecules render them inactive 
or malfunction, while increasing the cellular entropy. Genetically induced repair and 
replacement processes are capable of maintaining the balance in favor of the function¬ 
ing molecules. With aging, the balance between these processes tends toward inactiva¬ 
tion and malfunctioning (Hayflick, 2007). The events that lead to the increase of the 
cellular entropy during aging is hypothesized (Chinnery et al., 2002), and its indications 
are evidenced in the literature (Polyak et al., 1998; Elson et al., 2001), but the attempts 
for quantifying the life span entropy is yet very limited (Silva and Annamalai, 2008, 
2009). Entropy generation in the human body is also associated with cancer develop¬ 
ment, which changes the way of energy allocation in the body and leads to higher energy 
dissipation (Garland, 2013). 

After stating that the genes linked in cancer induction are extensive, Garland (2013) 
draws attention to the point that all the cancer cells behave in identical and highly 
predictable fashion. This behavior involves changes in motility, invasion, replication, 
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nuclear and chromosomal fragmentation, structure degradation, and phenotypic 
fluidity. Garland (2013) also argues that cancer is a diversion of the energy needed for 
structural organization into maximum entropy dissipation. The channels that are 
distributing the entropy generation are organized along fractal networks. The oncogenic 
mutations and molecular alterations in the cell redirect these channels. Oncogenic alter¬ 
ations create cumulative effects by permanently stabilizing parts of the fractal network. 
Garland (2013) draws attention to the need for multidisciplinary research achieving for 
further understanding of the phenomena; in such a case, bridging the gap between the 
thermodynamic modeling studies and the proposals of the medical researchers would 
probably be among the best attempts to be done. 


Example 4.16: Balmer’s Model for Aging 

Balmer (1982) presented some data showing that ( qltnT ), where m is the body 
mass, which decreases with age, and [d(ms)/dt] systan remains negative as long as 
the system is alive and becomes positive upon the death of the system. Having 
a [d{ms)ldt ] system <0 value implies that the entropy of the living system decreases 
throughout its life span, with ( ms) stem being larger at the earlier stages of the 
life and smaller at the later stages. Balmer (1982) argues that the crude chemi¬ 
cal analysis of the living systems support this view, where proteins, chemicals 
with higher disorderly molecular structure, are replaced with fat, molecules 
with more orderly structure, and soluble collagens are cross-linked to make 
insoluble polymers, leading to cataract and wrinkling of the skin. Recent mul- 
tiscale entropy analysis studies, which may be regarded as entropy accumula¬ 
tion in the system, have revealed that the aging process reduces complexity 
and functional responsiveness of electroencephalographic measurements in 
response to photic stimulation (Takahashi et al„ 2009). Quantitative measure¬ 
ment of aging using image texture entropy, which may be regarded as entropy 
production, revealed that aging of transparent round worm Caenorhabditis 
elegans has several distinct stages (Shamir et ah, 2009). In a 12-day-long study, 
the texture entropy increases as the worm ages, with sharper increase mea¬ 
sured between day 2 and day 4, and between day 8 and day 10. It should be 
noticed that the predictions of the Balmer’s model, for example, decreasing 
entropy accumulation rate in the system and positive entropy production rate, 
are valid when we consider the entire system. Zotin and Zotin (1997) draw 
attention to the point that although Balmer’s (1982) principles are valid for the 
integrity of the system, when we consider a subsystem of the body only, like 
a healing, regenerating, or a tissue being malignant, a reverse of the Balmer’s 
principles may also be observed. 

Stewart et al.’s (2005) observations with doubling E. coli strengthen the 
entropy accumulation hypothesis of aging. E. coli grows to form elongated cells 
like a rod, before division. Upon the beginning of the division, a new pole sites 
start to appear in the middle of the elongated cell, and then the cells are sepa¬ 
rated into two new cells (Stewart et al., 2005). The DNA and the lipids are dis¬ 
tributed in the mother and the daughter cells (Lin et ah, 1971). The structure of 
the old pole survives in the mother cell (de Pedro et ah, 1997), and some of the 
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cellular constituents cannot diffuse fast enough to the daughter cell and accu¬ 
mulate in the mother cell; although the mother and the daughter cells look the 
same morphologically, they are different physiologically (Stewart et al., 2005; 
Nystrom, 2007). During the process of series of cell divisions, the cells keep 
producing entropy. The older the cell is, the higher would be the entropy it pro¬ 
duced. The inheritance of the old pole is regarded as an aging sign, related to 
cumulatively slowed growth, less offspring biomass production, and increased 
probability of death (Stewart et al., 2005). 


The second law of thermodynamics state that all the real processes are irreversible, 
which therefore causes an increase in the entropy of the universe. All the living beings 
have limited entropy generation capacity during their lifetimes, which is referred to as 
the life span entropy, when they reach to that limit, they die (Aoki, 1994; Boregowda 
et al., 2009; Annamalai and Silva, 2012). 


Example 4.17: Estimation of the Life Span of the Masseter Muscle 

Qatak et al. (2015) developed a model to estimate the life span of the masseter 
muscle based on the entropy generated by this muscle group. Qatak et al. (2015) 
divided the overall system into three subsystems and performed mass, energy, 
and exergy analyses for the oral cavity (system I), ipsilateral condylar muscle 
(system II), and contralateral condylar muscle (system III) subsystems, which 
are shown in Example Figure 4.17.1: 

Material balance 


^almond F fflsaliva F nisolution 0 

Energy balance 

QoC F Woe F ( nih ) almond F ifnll) saliva F {mb')solution 0 

Exergy balance 

eXdestvoyed'OC ~ OC (i ~ l — Wqc F [fflex) almond F {oiex) S aliva F dneX) so l ui i on — 0 


where 

T oc is the temperature of the boundary of the oral cavity 
T 0 is the reference temperature 

The specific exergy of the species are calculated based on their chemical com¬ 
position and thermophysical state (ex = ex c h + h-T 0 s-'^^XiPi). In this analy¬ 
sis, reference temperature is set as equal to the oral cavity (T 0 = T oc = 37°C). 
Assuming that the solution heading to the esophagus is ideal, the enthalpy 
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EXAMPLE FIGURE 4.17.1 The schematic description of the systems involved in 
the chewing process. Within the context of this study, the ipsilateral muscle is on 
the right side of the jaw of the subject while the contralateral muscle is on the left. 
Almond is the source of the glucose. 


difference in the energy balance is zero. Then, the heat released can be calcu¬ 
lated by simplifying this equation as 


qoc + Woe - 9 


Then the entropy generated is calculated as 


$ gen, OC 


destroyed, OC 



Qatak et al. (2015) calculated the work done by the masseter muscles to move the 
lower jaw in one loop with the expression 

w musde = (j) Fdl + (j) Fdl 

a ci 


by using the force versus elongation data of Hannam et al. (2008). Throughout 
one chewing cycle, the ipsilateral muscles create forces as large as 40 N, whereas 
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EXAMPLE TABLE 4.17.1 Numerical Values of the Work Performed, 
Exergy Destroyed, and Entropy Generated during the Chewing Process 


Contralateral and Ipsilateral Masseter 
Muscles (%= 0.3) 

Masseter Muscle Oral Cavity 

Glucose consumed (mmol/min) 

5.95 x 10- 3 

— 

Work (J) 

2.30 

1.59 

Exergy destroyed (25 cycle) (J/K) 

5.77 

28.5 

Entropy generation 

1.94 X 10- 2 

9.55 x 10- 2 

(25 cycle) (J/K) 




the maximum force created by the contralateral muscles reaches only up to 
25 N. However, contraction of the ipsilateral muscles stops during high-force 
period. Therefore, the total work done by the contralateral muscles is about 
55 times larger than the ipsilateral muscles. 

Example Table 4.17.1 provides the numerical values of the work performed, 
exergy destroyed, and entropy generated when rj n = 0.3 with the uptake of 
5.95 x 10 -3 mmol glucose during 25 cycles of the chewing process. 

MATLAB code E4.17 computes the work done by the contralateral and ipsi¬ 
lateral muscles and the cumulative entropy generation by the masseter muscles 
during the life span: 

MATLAB CODE E4.17 


Command Window 

clear all 
close all 

% enter the data 

saliva_production=5; % 5 grams per minute 
length_of_a_cycle =20; % seconds 
number_of_cycles=25; % total cycle 

% SYSTEM: ORAL CAVITY INPUT DATA 
almond.lipid.mass_in=0.4942; 
almond.lipid.enthalpy_in=-2.717; 

%almond.lipid.entropy_in=0.0027615; 
almond.lipid.exergy_in=39.54; 
almond.protein.mass_in=0.2122; 
almond.protein.enthalpy_in=-6.805; 
almond.protein.entropy_in=0.188; 
almond.protein.exergy_in=16.27; 
almond.carbonhydrate.mass_in=0.0389; 
almond.carbonhydrate.enthalpy_in=-6.474; 
almond.carbonhydrate.entropy_in=0.392; 
almond.carbonhydrate.exergy_in=17.52; 
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% almond.starch.mass_in=0.122; 

% almond.starch.enthalpy_in=5.2524; 

% almond.starch.entropy_in=0.016982; 
% almond.starch.exergy_in=-0.0119; 
almond.fiber.mass_in=0.122; 
almond.fiber.enthalpy_in=-5. 654; 
almond.fiber.entropy_in=0.0011718; 
almond.fiber.exergy_in=18.86; 
almond.mineral.mass_in=0.0173; 
almond.mineral.enthalpy_in=0; 
almond.mineral.entropy_in=0.0016424; 
almond.mineral.exergy_in=9.38; 
almond.water.mass_in=0.047; 
almond.water.enthalpy_in=-15.819; 
almond.water.entropy_in=0.0005053; 
almond.water.exergy_in=0.05; 


%%%%%%%% Concentration data %%%%% 
almond.lipid.mol_in=almond.lipid.mass_in/282.46; 
almond.protein.mol_in=almond.protein.mass_in/147.13; 
almond.carbonhydrate.mol_in=almond.carbonhydrate. 
mass__in/342.2 9 ; 

almond.fiber.mol_in=almond.fiber.mass_in/162.14; 
almond.mineral.mol_in=almond.mineral.mass_in/39.09; 
almond.water.mol_in=almond.water.mass_in/18.01; 
sum_in=almond.lipid.mol_in+almond.protein.mol_in+almond. 
carbonhydrate.mol_in+almond.fiber.mol_in+almond.mineral. 
mol_in+almond.water.mol_in; 

% Almond_fields=fieldnames(almond); 

% % for i=l:numel(Almond_fields) 

% % sum_in=sum(almond.(Almond_fields{i}).mol_in); 

% % end 

almond.lipid.fraction_in=almond.lipid.mol_in/sum_in; 
almond.protein.fraction_in=almond.protein.mol_in/sum_in; 
almond.carbonhydrate.fraction_in=almond.carbonhydrate. 
mol_in/sum_in; 

almond.fiber.fraction_in=almond.fiber.mol_in/sum_in; 
almond.mineral.fraction_in=almond.mineral.mol_in/sum_in; 
almond.water.fraction_in=almond.water.mol_in/sum_in; 


% Saliva 

saliva.mass in=saliva production* length_of_a_cycle/60; 
saliva.enthalpy_in=-15.819; 
saliva.entropy_in=0.0005053; 
saliva.exergy_in=0.05; 

saliva.water.mol_in=saliva.mass_in/18.01; 
saliva.water.fraction_in=l; 

% ORAL CAVITY SYSTEM OUTPUT DATA 
almond.lipid.mass_out=0.4942; 
almond.lipid.enthalpy_out=-2.717; 
almond.lipid.entropy_out=0.0027615; 
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almond.lipid.exergy_out=39.54; 
almond.protein.mass_out=0.2122; 
almond.protein.enthalpy_out=-6.805; 
almond.protein.entropy_out=0.188; 
almond.protein.exergy_out=16.27; 
almond.carbonhydrate.mass_out=0.0389; 
almond.carbonhydrate.enthalpy_out=-6.474; 
almond.carbonhydrate.entropy_out=0.392; 
almond.carbonhydrate.exergy_out=17.52; 

% almond.starch.mass_in=0.122; 

% almond.starch.enthalpy_in=5.2524; 

% almond.starch.entropy_in=0.016982; 

% almond.starch.exergy_in=-0.0119; 

almond.fiber.mass_out=0.122; 

almond.fiber.enthalpy_out=-5.654; 

almond.fiber.entropy_out=0.0011718; 

almond.fiber.exergy_out=18.86; 

almond.mineral.mass_out=0.0173; 

almond.mineral.enthalpy_out=0; 

almond.mineral.entropy_out=0.0016424; 

almond.mineral.exergy_out=9.38; 

almond.water.mass_out=0.047+saliva.mass_in; 

almond.water.enthalpy_out=-15.819; 

almond.water.entropy_out=0.0005053; 

almond.water.exergy_out=0.05; 

%%%%%%%% Concentration data %%%%% 

almond.lipid.mol_out=almond.lipid.mass_out/282.46; 
almond.protein.mol_out=almond.protein.mass_out/147.13; 
almond.carbonhydrate.mol_out=almond.carbonhydrate. 
mass_out/342.29; 

almond.fiber.mol_out=almond.fiber.mass_out/162.14; 
almond.mineral.mol_out=almond.mineral.mass_out/39.09; 
almond.water.mol_out=almond.water.mass_out/18.01; 
sum_out=almond.lipid.mol_in+almond.protein.mol_out+almond. 
carbonhydrate.mol_out+almond.fiber.mol_out+almond.mineral. 
mol_out+almond.water.mol_out; 

% Almond_fields=fieldnames(almond); 

% for i=l:numel(Almond_fields) 

% sum_out=sum(almond.(Almond_fields{i}).mol_out); 

% end 

almond.lipid.fraction_out=almond.lipid.mol_out/sum_out; 
almond.protein.fraction_out=almond.protein.mol_out/sum_out; 
almond.carbonhydrate.fraction_out=almond.carbonhydrate. 
mol_out/sum_out; 

almond.fiber.fraction_out=almond.fiber.mol_out/sum_out; 
almond.mineral.fraction_out=almond.mineral.mol_out/sum_out; 
almond.water.fraction_out=almond.water.mol_out/sum_out; 
%%%%%%%%%% Saliva%%%%%%%%%%%%%%%% 

saliva.mass_out=sa1iva production*1ength_of_a_cyc1e/6 0; 
saliva.enthalpy_out=-15.819; 
saliva.entropy_out=0.0005053; 
saliva.exergy_out=0.05; 
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% BLOOD CYCLE INPUT DATA 

% blood.glucose.mass_in ==> will be calculated in bloodcycle.m 
blood.glucose.enthalpy_in=-7. 03 5; 
blood.glucose.entropy_in=0.0011601; 
blood.glucose.exergy_in=ll. 47 ; 

% blood.oxygen.mass_in ==> will be calculated in bloodcycle.m 
blood.oxygen.enthalpy_in=-0.366; 
blood.oxygen.entropy_in=0. 0064 083; 
blood.oxygen.exergy_in=0 . 21 ; 


% BLOOD CYCLE OUTPUT DATA 

% blood.co2.mass_in ==> will be calculated in bloodcycle.m 
blood.co2.enthalpy_out=-15.923; 
blood.co2.entropy_out=0.0048864; 
blood.co2.exergy_out=-3.11; 

% blood.water.mass_in ==> will be calculated in bloodcycle.m 
blood.water.enthalpy_out=-15.919; 
blood.water.entropy_out=0.0005053; 
blood.water.exergy_out=-9.24; 


%% CONTRALATERAL WORK 


% enter the data 

%disp('Calculating Contralateral Work...') 

Lc =[0 0.2 0.4 0.6 0.75 0.8 0.9 0.95 1.0 1.05 1.2 1.3 1.35 

1.4 1.5 1.6... 

1.65 1.75 1.8 1.9 2.1 2.3 2.5 2.85 3.0 3.15 3.3 3.5 

3.5 3.5 3.5... 

3.5 3.5 3.5 3.5 3.5 3.5 3.4 3.3 3.25 3.2 2.9 2.6 1.75 
0.0 0 0 0 ... 

00000000]; % muscle length (mm) 

Fc= [1 0.8 0.6 0.8 1.1 1.5 1.7 2 2.4 2.8 3 3.25 3.5 3.8 4.2 
4.35 4.5 ... 

4.65 4.8 4.9 5 5.2 5.4 5.3 5.2 5.1 5 4.9 4.8 4.7 4.6 
4.55 4.5 ... 

4.25 4 4.75 5 6 7 10 14 17.5 20 23 24 23 22 22.5 20 15 

13.5 ... 

10.5 6 4 3 1]; % Force (N) 


% calculate the muscle work 
for i=2:length(Fc) 

deltaWl(i)=(Fc(i)*(Lc(i)-Lc(i-1))); % incremental work 

end 

W1 = sum(deltaWl); 

%% IPSILATERAL WORK 


% enter the data 

%disp('Calculating Ipsilateral Work...') 


Li =[0 0.5 1 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.2 2.4 2.4 2.1 ... 
1.8 1.3 0.8 0.8 0 0]; % muscle length (mm) 
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Fi= [1 1 1.5 2.0 2.3 2.6 3.0 3.5 4 4.5 5 5 4.5 4 3.5 3.3 ... 
2.S 2.3 2.3 3.S 1]; % Force (N) 


% calculate the muscle work 
for i=2:length(Fi) 

deltaW2(i)=(Fi(i)*(Li(i)-Li(i-1))); % incremental work 

end 

W2 = sum(deltaW2); 

W=(W1+W2)/0.69; 

%% ORAL ENERGY BALANCE 


%disp('Calculating the Oral Energy Balance...') 
Almond_fields=fieldnames(almond); 

mh_almond_in=0; 

for i=l:numel(Almond_fields) 

mh_almond_in = mh_almond_in+... 

almond.(Almond_fields{i}).mass_in * 
almond.(Almond_fields{i}).enthalpy_in; 
end 

mh_saliva_in=saliva.mass_in * saliva.enthalpy_in; 
mh_almond_out=0; 

for i=l:numel(Almond_fields) %water mass_out yok kendi 
kontrol edecek 

mh_almond_out = mh_almond_out+... 
almond.(Almond_fields{i}).mass_out*almond.(Almond_ 
fields{i}).enthalpy_out; 
end 

%mh_saliva_out=saliva.mass_out * saliva.enthalpy_out; 
W_total=((W/1000)* number_of_cycles)/1000; 
W_net=W_total*0. 69; 

mh_in = mh_almond_in + mh_saliva_in; 
mh_out = mh_almond_out; 

Q_oral = mh_out - mh_in - W_net; 


%% BLOOD-CYCLE ANALYSIS 

% disp(■Performing Blood-Cycle Analysis...') 
i i=1; 

for ii =1:26; 

efficiency=0.17:0.01:0.42; 

total_chemical_energy = abs(W_total) / efficiency(ii); %in kJ 
one_mol_ATP_energy = 3868; % ATP produced for 1 mol glucose 
mol_glucose = total_chemical_energy / one_mol_ATP_energy ; % 
in mol 


blood.glucose.mass_in=mol_glucose*180; %1 mol glucose = 180 gr 
blood.oxygen.mass_in=mol_glucose*6*32; %1 mol 02 = 32 gr 
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blood.co2.mass_out=mol_glucose*6*44; %1 mol C02 = 44 gr 
blood.water.mass_out=mol_glucose*6*18; %1 mol H20 = 18 gr 

reaction_time =20 ; % in seconds 

glucose_reaction_rate = (mol_glucose/reaction_time)*... 

(60*1000); % in milimol per minute 

flow_diameter = 1.9; % in milimeters 
flow_velocity = 254; % milimeters per second 
v_blood = (pi*(flow_diameter/2)^2)*flow_velocity*(60/le6); 
%litres/mm 

glucose_absorbed = glucose_reaction_rate / v_blood; % in 
mmol/It 


%% BLOOD - ENERGY CYCLE 


%disp('Calculating the Energy Balance for Blood...') 
Blood_fields=fieldnames(blood); 


mh_blood_in=0; 

for i=l:2 %glukose & oxygene 

mh_blood_in = mh_blood_in+... 

blood.(Blood_fields{i}).mass_in*blood.(Blood_fields{i}). 

enthalpy_in; 
end 


mh_b1ood_out=0; 

for i=3:4 %co2 & water 

mh_blood_out = mh_blood_out+... 

blood.(Blood_fields{i}).mass_out*blood.(Blood_fields{i}). 

enthalpy_out; 
end 


Q_blood = mh_blood_out - mh_blood_in + abs(W_total); 


%% BLOOD - EXERGY BALANCE 


% disp(■Calculating the Exergy Destruction for Blood...') 
T_out=2 98; 

T_in=310; 

Blood_fields=fieldnames(blood); 


mb_blood_in=0; 
for i=l:2 

mb_blood_in = mb_blood_in+... 

blood.(Blood_fields{i}).mass_in * 
blood.(Blood_fields{i}).exergy_in; 
end 
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mb_blood_out=0; 
for i=3:4 

mb_blood_out = mb_blood_out+... 

blood.(Blood_fields{i}).mass_out * 
blood.(Blood_fields{i}).exergy_out; 
end 

x_destroyed_blood = mb_blood_in - mb_blood_out - abs(W 
total) - ... 

Q_blood*(1-(T_out/T_in)); % in kJ 

Sgen_blood(ii)=x_destroyed_blood/298; 

%ii=ii+l; 
end 

%% ORAL - EXERGY BALANCE 


% disp(■Calculating the Exergy Destruction for Blood...') 
Almond_fields=fieldnames(almond); 


mb_almond_in=0; 

for i=l:numel(Almond_fields) 

mb_almond_in = mb_almond_in+... 

almond.(Almond_fields{i}).mass_in * 
almond.(Almond_fields{i}).exergy_in; 
end 


mb_almond_out=0; 

for i=l:numel(Almond_fields)-1 

mb_almond_out = mb_almond_out+... 

almond.(Almond_fields{i}).mass_out * 
almond.(Almond_fields{i}).exergy_out; 
end 

mb_almond_concentration_in=0; 
for i=l:numel(Almond_fields) 

mb_almond_concentration_in = 
mb_almond_concentration_in+... 

almond.(Almond_fields{i}).mol_in *8.314*310*log( 
almond.(Almond_fields{i}).fraction_in); 
end 

mb_saliva_concentration_in=saliva.water.mol_ 
in*8.314*310*log(saliva.water.fraction_in); 
mb_almond_concentration_out=0; 
for i=l:numel(Almond_fields)-1 

mb_almond_concentration_out = 
mb_almond_concentration_out+... 

almond.(Almond_fields{i}).mol_out 
*8.314*310*log(almond.(Almond_fields{i}).fraction_out); 
end 

x_destroyed_oralc = mb_almond_in - mb_almond_out + abs(W 
total) - ... 

Q_oral*(1-(T_out/T_in))+(mb_almond_ 
concentration_in+mb_saliva_concentration_in-mb_almond_ 
concentration_out)/1000; % in kJ 
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Sgen_oralc=x_destroyed_oralc/298; 
%% LIFE EXPECTANCY 


% disp( 1 Calculating Expected Life...') 

age = 20:1:100; 

age = age' ; 

reference_age = 25; 

% Survival Probability 


98.3 

98.2 

98.1 

98.0 

97.9 

97.8 

97.6 

97.5 

97.4 

97.2 

97.1 

96.9 

96.8 

96.6 

96.4 

96.2 

96.1 

95.8 

95.6 

95.4 

95.2 

94.9 

94.6 

94.4 

94.1 

93.7 

93.4 

93.0 

92.6 

92.2 

91.8 

91.3 

90.8 

90.2 

89.6 

89.0 

88.3 

87.5 

86.6 

85.7 

84.6 

83.5 

82.3 

81.0 

79.6 

78.2 

76.6 

75.0 

73.3 

71.5 

69.6 

67.6 

65.5 

63.3 

60.9 

58.5 

55.9 

53.2 

50.5 

47.6 

44.6 

41.4 

38.2 

34.9 

31.4 

28.0 

24.7 

21.6 

18.7 

16.0 . . . 

13.5 

11.3 

9.3 

7.5 6 

4.7 

3.6 2 

.7 1. 

9 1.4 

1] ; 



for i = 1:numel(St)-1 

Lt (i) = (St(i)+St(i+1))/2; 

end 

% Person-years lived at and above age 25 (T25) 
T25 = sum(Lt(find(age==reference_age):end)); 

S25 = St(find(age==reference_age)); 


% Life Expectancy 
E25 = T25 / S25 ; 


life = round(reference_age + E25); 

%% ENTROPY GENERATION FOR NORMAL AND OBESE PERSON 


% Calorie of 1 gram almond 

%disp('Calculating Entropy Generation for Normal and Obese 
Person...') 

age = l:life; age=age'; 

%age_2=l:90; age_2=age_2'; 
almond_cal = 5.85 * 4.18; % kcal 
%%%%%%%%%% %NORMAL %%%%%%%%%%%%%%%%% 

%%%%%% 10% OFF %%%%%%%%%%%%% 

%%%%%%% EFF=0.17%%%%%%%%% 
epd_normal_10_l = 

[100;120;120;130;130;130;130;130;180;180; . . . 

180;180;180;220;220;220;220;220;250;250; . . . 
250;250;250;250;250;250;250;250;250;250; . . . 
23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 
23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 
210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; . . . 
210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; 210 ; . . . 
210;210;210;210;210;210] * 4.18; 
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entpd_normal_10_l = (epd_normal_10_l / almond_cal) * 
Sgen_blood(1) ; 

epy_normal_10_l=365*cumsum(epd_normal_10_l); 

entpy_normal_10_l=3 65 *cumsum(entpd_normal_l0_1); 

epd_fit_normal_10_l=fit(age,epd_normal_10_l, 1 fourier2'); 

epd_fit_normal_10_l=epd_fit_normal_10_l(age); 

entpd_fit_normal_10_l=fit(age,entpd_normal_10_l,'fourier2'); 

entpd_fit_normal_10_l=entpd_fit_normal_10_l(age); 

%%%%%%% EFF=0.3%%%%%%%%% 
epd_normal_10_2 = 

[100;120;120;130;130;130;130;130;180;180; . . . 

180;180;180;220;220;220;220;220;250;250;... 
250;250;250;250;250;250;250;250;250;250;... 

23 0; 23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 

23 0; 23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 
210;210;210;210;210;210;210;210;210;210;... 
210;210;210;210;210;210;210;210;210;210;... 
210;210;210;210;210;210] * 4.18; 

entpd_normal_10_2 = (epd_normal_10_2 / almond_cal) * 
Sgen_blood(14) ; 

epy_normal_10_2=365*cumsum(epd_normal_10_2); 

entpy_normal_10_2=365*cumsum(entpd_normal_10_2); 

epd_fit_normal_10_2=fit(age,epd_normal_10_2, 1 fourier2'); 

epd_fit_normal_10_2=epd_fit_normal_10_2(age); 

entpd_fit_normal_10_2=fit(age,entpd_normal_10_2, 1 fourier2 1 ); 

entpd_fit_normal_10_2=entpd_fit_normal_10_2(age); 

%%%%%%% EFF=0.42%%%%%%%%% 
epd_normal_10_3 = 

[100;120;120;130;130;130;130;130;180;180; . . . 

180;180;180;220;220;220;220;220;250;250; . . . 
250;250;250;250;250;250;250;250;250;250; . . . 

23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 

23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0;23 0; . . . 
210;210;210;210;210;210;210;210;210;210; . . . 
210;210;210;210;210;210;210;210;210;210;... 
210;210;210;210;210;210] * 4.18; 

entpd_normal_10_3 = (epd_normal_10_3 / almond_cal) * 
Sgen_blood(26) ; 

epy_normal_10_3=365*cumsum(epd_normal_10_3); 

entpy_normal_10_3=365*cumsum(entpd_normal_10_3); 

epd_fit_normal_10_3=fit(age,epd_normal_10_3, 1 fourier2'); 

epd_fit_normal_10_3=epd_fit_normal_10_3(age); 

entpd_fit_normal_10_3=fit(age,entpd_normal_10_3, 1 fourier2'); 

entpd_fit_normal_10_3=entpd_fit_normal_10_3(age); 

%%%%%% 50% OFF %%%%%%%%%%%%% 

%%%%%% EFF=0.17%%%%%%%%%% 
epd_normal_50_l = 

[500;600;600;650;650;650;650;650;900;900; . . . 

900;900;900;1100;1100;1100;1100;1100;1100;1250; . . . 

1250;1250;1250;1250;1250;1250;1250;1250;1250;1250;... 
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1150;1150;1150;1150;1150;1150;1150;1150;1150;1150; . . . 

1150;1150;1150;1150;1150;1150;1150;1150;1150;1150;... 

1050;1050;1050;1050;1050;1050;1050;1050;1050;1050; . . . 

1050;1050;1050;1050;1050;1050;1050;1050;1050;1050; . . . 

1050;1050;1050;1050;1050;1050] * 4.18; 

entpd_normal_50_l = (epd_normal_50_l / almond_cal) 

* Sgen_blood(1) ; 

epy_normal_50_l=365*cumsum(epd_normal_50_l); 

entpy_normal_5 0_1=3 65 *cumsum(entpd_normal_5 0_1); 

epd_fit_normal_50_l=fit(age,epd_normal_50_l,'fourier2'); 

epd_fit_normal_50_l=epd_fit_normal_50_l(age); 

entpd_fit_normal_50_l=fit(age,entpd_normal_50_l,'fourier2'); 

entpd_fit_normal_50_l=entpd_fit_normal_50_l(age); 

%%%%%% EFF=0.3%%%%%%%%%% 
epd_normal_50_2 = 

[500;600;600;650;650;650;650;650;900;900; . . . 

900;900;900;1100;1100;1100;1100;1100;1100;1250;... 

1250;1250;1250;1250;1250;1250;1250;1250;1250;1250;... 

1150;1150;1150;1150;1150;1150;1150;1150;1150;1150; . . . 

1150;1150;1150;1150;1150;1150;1150;1150;1150;1150; . . . 

1050 ,*1050; 1050; 1050 ,*1050; 1050; 1050; 1050; 1050; 1050; . . . 

1050 ,*1050,*1050 ,*1050 ,*1050 ,*1050; 1050 ,*1050; 1050 ,*1050; . . . 

1050,*1050,*1050 ,*1050; 1050 ,*1050] * 4.18; 

entpd_normal_50_2 = (epd_normal_50_2 / almond_cal) * 
Sgen_blood(14) ; 

epy_normal_50_2=365*cumsum(epd_normal_50_2); 

entpy_normal_50_2=365*cumsum(entpd_normal_50_2); 

epd_fit_normal_50_2=fit(age,epd_normal_50_2, 1 fourier2 1 ); 

epd_fit_normal_50_2=epd_fit_normal_50_2(age); 

entpd_fit_normal_50_2=fit(age,entpd_normal_50_2,'fourier2'); 

entpd_fit_normal_50_2=entpd_f it_normal_50_2 (age) ,* 

%%%%%% EFF=0.42%%%%%%%%%% 
epd_normal_50_3 = 

[500 ,*600; 600 ;650 ;650 ;650 ;650 ;650 ;900; 900; . . . 

900; 900; 900 ,*1100 ,*1100 ,*1100 ,*1100 ,*1100 ,*1100 ,*1250; . . . 

1250 ,*1250; 1250 ,*1250; 1250; 1250; 1250 ,*1250; 1250; 1250; . . . 

1150 ,*1150; 1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150; . . . 

1150 ,*1150; 1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150 ,*1150; . . . 

1050 ,*1050,*1050,*1050,*1050; 1050; 1050; 1050; 1050,*1050; . . . 

1050 ,*1050,*1050 ,*1050 ,*1050 ,*1050 ,*1050 ,*1050 ,*1050 ,*1050; . . . 

1050 ,*1050 ,*1050 ,*1050 ,*1050 ,*1050] * 4.18; 

entpd_normal_50_3 = (epd_normal_50_3 / almond_cal) * 
Sgen_blood (26) ,* 

epy_normal_50_3=3 65*cumsum (epd_normal_50_3) ,* 
entpy_normal_50_3=365*cumsum (entpd_normal_50_3) ,* 
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epd_fit_normal_50_3=fit(age,epd_normal_50_3, 1 fourier2'); 
epd_fit_normal_50_3=epd_fit_normal_50_3(age); 
entpd_fit_normal_50_3=fit(age,entpd_normal_50_3, 1 fourier2'); 
entpd_fit_normal_50_3=entpd_fit_normal_50_3(age); 

%%%%%% 80% OFF %%%%%%%%%%%%% 

%%%%% EFF=0.17 %%%%%%%%% 
epd_normal_80_l = 

[800; 960; 960 ,*1040; 1040; 1040/1040; 1040; 1440; 1440; . . . 

144 0;144 0;144 0;176 0;176 0;176 0;176 0;176 0;2 000;2 000; . . . 

2000; 2000 ,*2000; 2000; 2000; 2000; 2000; 2000; 2000; 2000; . . . 

1840; 1840; 1840; 1840; 1840; 1840; 1840; 1840; 1840 ,*1840; . . . 

1840;1840;1840;1840;1840;1840;1840;1840;1840;1840;... 

1680 ,*1680; 1680; 1680; 1680; 1680; 1680 ,*1680; 1680 ,*1680; . . . 

1680 ,*1680,*1680; 1680; 1680; 1680; 1680 ,*1680 ,*1680 ,*1680; . . . 

1680 ,*1680 ,*1680 ,*1680 ,*1680; 1680] * 4.18; 

entpd_normal_80_l = (epd_normal_80_l / almond_cal) * 
Sgen_blood (1) ,* 

epy_normal_80_l=365*cumsum(epd_normal_80_l); 

entpy_normal_8 0_1=3 6 5 *cumsum (entpd_normal_8 0_1) ,* 

epd_fit_normal_80_l=fit(age,epd_normal_80_l,'fourier2'); 

epd_f it_normal_8 0_l=epd_f it_normal_8 0_l (age) ,* 

entpd_fit_normal_80_l=fit(age,entpd_normal_80_l, 1 fourier2'); 

entpd_f it_normal_8 0_l=entpd_f it_normal_8 0_l (age) ,* 

%%%%% EFF=0.3 %%%%%%%%% 
epd_normal_80_2 = 

[800,*960,*960,*1040; 1040; 1040; 1040; 1040; 1440 ,*1440; . . . 

1440,*1440,*1440; 1760; 1760; 1760; 1760 ,*1760,*2000,*2000; . . . 

2000,*2000,*2000 ,*2000 ,*2000 ,*2000 ,*2000 ,*2000 ,*2000 ,*2000; . . . 

1840,*1840,*1840; 1840; 1840,*1840,*1840 ,*1840 ,*1840 ,*1840; . . . 

1840,*1840,*1840; 1840; 1840; 1840; 1840 ,*1840,*1840 ,*1840; . . . 

1680,*1680,*1680; 1680; 1680; 1680,*1680 ,*1680 ,*1680 ,*1680; . . . 

1680,*1680,*1680; 1680; 1680,*1680,*1680 ,*1680 ,*1680 ,*1680; . . . 

1680,*1680,*1680 ,*1680; 1680; 1680] * 4.18; 

entpd_normal_80_2 = (epd_normal_80_2 / almond_cal) * 
Sgen_blood(14) ; 

epy_normal_80_2=365*cumsum(epd_normal_80_2); 

entpy_normal_80_2=365*cumsum(entpd_normal_80_2); 

epd_fit_normal_80_2=fit(age,epd_normal_80_2, 1 fourier2 1 ); 

epd_f it_normal_8 0_2=epd_f it_normal_8 0_2 (age) ,* 

entpd_fit_normal_80_2=fit(age,entpd_normal_80_2,'fourier2'); 

entpd_fit_normal_8 0_2=entpd_f it_normal_8 0_2 (age) ,* 

%%%%% EFF=0.42 %%%%%%%%%5 
epd_normal_80_3 = 

[800,*960,*960; 1040/1040; 1040; 1040; 1040; 1440 ,*1440; . . . 

144 0 ; 144 0 ; 144 0 ; 176 0 ; 176 0 ,* 176 0 ; 176 0 ; 176 0 ; 2 000 ; 2 000 ; . . . 

2000 ,*2000,*2000,*2000,*2000,*2000,*2000 ,*2000 ,*2000 ,*2000; . . . 
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1840;1840;1840;1840;1840;1840;1840;1840;1840;1840;... 
1840;1840;1840;1840;1840;1840;1840;1840;1840;1840;... 
1680;1680;1680;1680;1680;1680;1680;1680;1680;1680;... 

1680;1680;1680;1680;1680;1680;1680;1680;1680;1680;... 

1680;1680;1680;1680;1680;1680] * 4.18; 


entpd_normal_80_3 = (epd_normal_80_3 / almond_cal) * 
Sgen_blood(26); 

epy_normal_80_3=365*cumsum(epd_normal_80_3); 

entpy_normal_80_3=365*cumsum(entpd_normal_80_3); 

epd_fit_normal_80_3=fit(age,epd_normal_80_3,'fourier2'); 

epd_fit_normal_80_3=epd_fit_normal_80_3(age); 

entpd_fit_normal_80_3=fit(age,entpd_normal_80_3,'fourier2'); 

entpd_fit_normal_80_3=entpd_fit_normal_80_3(age); 


&OBESE% 


10% OFF 


%%%%%% EFF=0.17 %%%%%%% 
epd_obese_10_l = [ 

110;132;132;143;143;143;143;143;198;198; . . . 

198;198;198;242;242;242;242;242;275;275; 
275;275;275;275;275;275;275;275;275;275; 
253;253;253;253;253;253;253;253;253;253; 
253;253;253;253;253;253;253;253;253;253; 
231;231;231;231;231;231;231;231;231;231; 
231;231;231;231;231;231;231;231;231;231; 
231;231;231;231;231;231] * 4.18; 


epy_obese_10_l=365*cumsum(epd_obese_10_l); 
entpd_obese_10_l = (epd_obese_10_l / almond_cal) * 
Sgen_blood(1) ; 

entpy_obese_10_l=365*cumsum(entpd_obese_10_l); 

epd_fit_obese_10_l=fit(age,epd_obese_10_l,'fourier2'); 

epd_fit_obese_10_l=epd_fit_obese_10_l(age); 

entpd_fit_obese_10_l=fit(age,entpd_obese_10_l,'fourier2 1 ); 

entpd_fit_obese_10_l=entpd_fit_obese_10_l(age); 

%%%%%% EFF=0.3 %%%%%%% 
epd_obese_10_2 = [ 

110;132;132;143;143;143;143;143;198;198; . . . 

198;198;198;242;242;242;242;242;275;275; . . . 
275;275;275;275;275;275;275;275;275;275; . . . 
253;253;253;253;253;253;253;253;253;253; . . . 
253;253;253;253;253;253;253;253;253;253; . . . 
231;231;231;231;231;231;231;231;231;231;. . . 
231;231;231;231;231;231;231;231;231;231;... 
231;231;231;231;231;231] * 4.18; 


epy_obese_10_2=365*cumsum(epd_obese_10_2); 
entpd_obese_10_2 = (epd_obese_10_2 / almond_cal) * 
Sgen_blood(14) ; 

entpy_obese_10_2=365*cumsum(entpd_obese_10_2); 
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epd_fit_obese_10_2=fit(age,epd_obese_10_2, 1 fourier2'); 
epd_fit_obese_10_2=epd_fit_obese_10_2(age); 
entpd_fit_obese_10_2=fit(age,entpd_obese_10_2, 1 fourier2'); 
entpd_fit_obese_10_2=entpd_fit_obese_10_2(age); 

%%%%%% EFF=0.42 %%%%%%% 
epd_obese_10_3 = [ 

110;132;132;143;143;143;143;143;198;198; . . . 

198;198;198;242;242;242;242;242;275;275; . . . 
275;275;275;275;275;275;275;275;275;275; . . . 
253;253;253;253;253;253;253;253;253;253; . . . 
253;253;253;253;253;253;253;253;253;253; . . . 
231;231;231;231;231;231;231;231;231;231; . . . 
231;231;231;231;231;231;231;231;231;231;... 
231;231;231;231;231;231] * 4.18; 


epy_°bese_10_3=365*cumsum(epd_obese_10_3); 
entpd_obese_10_3 = (epd_obese_10_3 / almond_cal) * 
Sgen_blood(26) ; 

entpy_obese_10_3=365*cumsum(entpd_obese_10_3); 

epd_fit_obese_10_3=fit(age,epd_obese_10_3, 1 fourier2'); 

epd_fit_obese_10_3=epd_fit_obese_10_3(age); 

entpd_fit_obese_10_3=fit(age,entpd_obese_10_3, 1 fourier2'); 

entpd_fit_obese_10_3=entpd_fit_obese_10_3(age); 




%%%%%% EFF=0.17 %%%%%%% 


epd_obese_50_l = [ 

550;660;660;715;715;715;715;715;990;990; . . . 


990;990;990;1210;1210;1210;1210;1210;1375;1375;... 


1375;1375;1375;1375;1375;1375;1375;1375;1375;1375;.. 
1265; 1265; 1265 ,*1265; 1265; 1265; 1265; 1265; 1265; 1265; . . 
1265 ,*1265 ,*1265; 1265; 1265; 1265; 1265; 1265; 1265; 1265; . . 
1155;1155;1155;1155;1155;1155;1155;1155;1155;1155; . . 

1155;1155;1155;1155;1155;1155;1155;1155;1155;1155;.. 

1155;1155;1155;1155;1155;1155] * 4.18; 


epy_obese_50_l=365*cumsum(epd_obese_50_l); 
entpd_obese_50_l = (epd_obese_50_l / almond_cal) * 
Sgen_blood(1) ; 

entpy_obese_50_l=365*cumsum(entpd_obese_50_l); 

epd_fit_obese_50_l=fit(age,epd_obese_50_l,'fourier2'); 

epd_fit_obese_50_l=epd_fit_obese_50_l(age); 

entpd_fit_obese_50_l=fit(age,entpd_obese_50_l,'fourier2 1 ); 

entpd_fit_obese_50_l=entpd_fit_obese_50_l(age); 

%%%%%% EFF=0.3 %%%%%%% 
epd_obese_50_2 = [ 

550;660;660;715;715;715;715;715;990;990; . . . 

990; 990; 990; 1210; 1210; 1210 ,*1210; 1210 ,*1375; 1375; . . . 

1375 ,*1375; 1375 ,*1375 ,*1375 ,*1375 ,*1375 ,*1375 ,*1375 ,*1375; . . . 

1265 ,*1265; 1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265; . . . 

1265 ,*1265; 1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265 ,*1265; . . . 
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1155;1155;1155;1155;1155;1155;1155;1155;1155;1155; . . . 

1155;1155;1155;1155;1155;1155;1155;1155;1155;1155; . . . 

1155;1155;1155;1155;1155;1155] * 4.18; 

epy_°b e se_50_2=365*cumsum(epd_obese_50_2); 
entpd_obese_50_2 = (epd_obese_50_2 / almond_cal) * 
Sgen_blood(14) ; 

entpy_obese_50_2=365*cumsum(entpd_obese_50_2); 

epd_fit_obese_50_2=fit(age,epd_obese_50_2,'fourier2'); 

epd_fit_obese_50_2=epd_fit_obese_50_2(age); 

entpd_fit_obese_50_2=fit(age,entpd_obese_50_2,'fourier2 1 ); 

entpd_fit_obese_50_2=entpd_fit_obese_50_2(age); 

%%%%%% EFF=0.42 %%%%%%% 
epd_obese_50_3 = [ 

550;660;660;715;715;715;715;715;990;990; . . . 

990;990;990;1210;1210;1210;1210;1210;1375;1375; . . . 

1375;1375;1375;1375;1375;1375;1375;1375;1375;1375;... 

1265;1265;1265;1265;1265;1265;1265;1265;1265;1265; . . . 

1265;1265;1265;1265;1265;1265;1265;1265;1265;1265;... 

1155;1155;1155;1155;1155;1155;1155;1155;1155;1155; . . . 

1155;1155;1155;1155;1155;1155;1155;1155;1155;1155; . . . 

1155;1155;1155;1155;1155;1155] * 4.18; 


epy_°bese_50_3=365*cumsum(epd_obese_50_3); 
entpd_obese_50_3 = (epd_obese_50_3 / almond_cal) * 
Sgen_blood(26) ; 

entpy_obese_50_3=365*cumsum(entpd_obese_50_3); 

epd_fit_obese_50_3=fit(age,epd_obese_50_3, 1 fourier2'); 

epd_fit_obese_50_3=epd_fit_obese_50_3(age); 

entpd_fit_obese_50_3=fit(age,entpd_obese_50_3, 1 fourier2'); 

entpd_fit_obese_50_3=entpd_fit_obese_50_3(age); 




%%%%%% EFF=0.17 %%%%%%% 


epd_obese_80_l = [ 

880;1056;1056;1144;1144;1144;1144;1144;1584;1584;. 


1584;1584;1584;1936;1936;1936;1936;1936;2200;2200;.. 
2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ;.. 
2 024;2 0 2 4;2024;2024;2024;2024;2 024;2 024;2 024;2 024; . . 
2 024;2 0 2 4;2024;2024;2024;2 024;2 024;2 024;2 024;2 024; . . 
1848;1848;1848;1848;1848;1848;1848;1848;1848;1848;.. 
1848;1848;1848;1848;1848;1848;1848;1848;1848;1848;.. 

1848;1848;1848;1848;1848;1848] * 4.18; 


epy_°bese_80_l=365*cumsum(epd_obese_80_l); 
entpd_obese_80_l = (epd_obese_80_l / almond_cal) * 
Sgen_blood(1) ; 
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% calculate the cumulative entropy generation by the obese 
person who uptakes 80 % of his food in liquid form 

entpy_obese_80_l=365*cumsum(entpd_obese_80_l); 

epd_fit_obese_80_l=fit(age,epd_obese_80_l,'fourier2'); 
epd_fit_obese_80_l=epd_fit_obese_80_l(age); 
entpd_fit_obese_80_l=fit(age,entpd_obese_80_l, 1 fourier2'); 
entpd_fit_obese_80_l=entpd_fit_obese_80_l(age); 


%%%%%% EFF=0.3 %%%%%%% 
epd_obese_80_2 = [ 

880;1056;1056;1144;1144;1144;1144;1144;1584;1584; . . . 
1584; 1584;1584;1936;1936;1936;1936;1936;2200;2200; . . 
2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ; 2200 ;.. 
2 024;2 0 2 4;2024;2024;2024;2 024;2 024;2 024;2 024;2 024; . . 
2 024;2 0 2 4;2024;2024;2024;2 024;2 024;2 024;2 024;2 024; . . 
1848;1848;1848;1848;1848;1848;1848;1848;1848;1848;.. 
1848;1848;1848;1848;1848;1848;1848;1848;1848;1848;.. 

1848;1848;1848;1848;1848;1848] * 4.18; 


epy_°bese_80_2=365*cumsum(epd_obese_80_2); 
entpd_obese_80_2 = (epd_obese_80_2 / almond_cal) * 
Sgen_blood(14) ; 

entpy_obese_80_2=365*cumsum(entpd_obese_80_2); 

epd_fit_obese_80_2=fit(age,epd_obese_80_2,'fourier2'); 

epd_fit_obese_80_2=epd_fit_obese_80_2(age); 

entpd_fit_obese_80_2=fit(age,entpd_obese_50_2,'fourier2'); 

entpd_fit_obese_80_2=entpd_fit_obese_80_2(age); 

%%%%%% EFF=0.42 %%%%%%% 
epd_obese_80_3 = [ 

880;1056;1056;1144;1144;1144;1144;1144;1584;1584; . . . 

1584;1584;1584;1936;1936;1936;1936;1936;2200;2200; . . . 

2200; 2200; 2200; 2200; 2200; 2200; 2200; 2200 ,*2200; 2200; . . . 

2024; 2024 ,*2024; 2024; 2024 ,*2024 ,*2024 ,*2024 ,*2024 ,*2024; . . . 

2024; 2024; 2024; 2024; 2024 ,*2024 ,*2024 ,*2024 ,*2024 ,*2024; . . . 

1848 ,*1848 ,*1848; 1848; 1848; 1848; 1848; 1848; 1848 ,*1848; . . . 

1848 ,*1848 ,*1848; 1848; 1848; 1848; 1848 ,*1848; 1848 ,*1848; . . . 

1848 ,*1848 ,*1848 ,*1848 ,*1848; 1848] * 4.18; 

epy_°bese_80_3=3 65*cumsum (epd_obese_8 0_3) ,* 
entpd_obese_80_3 = (epd_obese_80_3 / almond_cal) * 
Sgen_blood (26) ,* 

entpy_obe s e_8 0_3=365* cumsum (entpd_obe s e_8 0_3) ,* 
epd_fit_obese_80_3=fit(age,epd_obese_80_3,'fourier2'); 
epd_fit_obese_8 0_3=epd_fit_obese_8 0_3 (age) ,* 
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entpd_fit_obese_80_3=fit(age,entpd_obese_80_3, 1 fourier2'); 
entpd_fit_obese_80_3=entpd_fit_obese_80_3(age); 

%% RESULTS 


disp('Contralateral Analysis Results:') 


disp(['Total work for ' num2str(number_of_cycles)... 

' cycles is ' num2str(abs(W_total)) ' kJ.']) 

disp(['Glucose absorbed to the cell is ' ... 

num2str(glucose_absorbed) ' mmol/lt.']) 

disp(['Q for blood is ' num2str(Q_blood) ' kJ']) 

disp(['Q for oral cavity is ' num2str(Q_oral) ' kJ']) 

disp(['X_destroyed for blood is ' 
num2str(x_destroyed_blood) ' kJ']) 

disp(['X_destroyed for oral cavity is ' 
num2str(x_destroyed_oralc) ' kJ']) 

disp(['Expected life is ' num2str(life) ' years']) 


%plot entrpy generation versus 2ND LAW Efficiency % 
figure; 

plot (efficiency, Sgen__blood, ' LineStyle Marker' , 'x' , ' co 

lor','blue','LineWidth',2) 
xlabel('2nd law efficiency') 
ylabel('Sgen,muscle') 

title('Entropy Generation versus 2nd law Efficiency') 
ylim([0 5e-5]); % limit of the range of the y axis 
grid on 

%%%%%%%Work loop%%%%%%%%%%%% 
figure; 

plot(Lc,Fc,'k-', 'LineWidth',2.85) 

hold on 

plot(Li,Fi,'r-','LineWidth',2.85) 
xlabel('L (mm)') 
ylabel('F (N)') 
title('Work Loop') 

legend('Contralateral','Ipsilateral','Location','NorthEast'); 
ylim([0 25]) ; % limit of the range of the y axis 
grid on 
% hold on 

% plot(L,F,'k-', 'LineWidth',2.85) 

% xlabel('L (mm)') 

% ylabel('F (N)') 

% title('Workloop (Ipsilateral)') 

% ylim([-20 50]); % limit of the range of the y axis 
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% plot the cumulative Sgen & energy expenditure for the case 
that the person consumes 80 % of its food in liquid form 
and the second law efficiency is = .42 

figure 

[x, yl, y2] =plotyy (age, epd_f it_normal_8 0_3 , age, entpy_ 
normal_80_3); 

set(x, 'xlim', [0 80],'xtick 1 ,[0 1:5:80]); 

set(x(1), 'ylim', [3e3 1.4e4] , 'ytick', [3e3:le3:1.4e4] , 1 ycolor' 

,'black'); 

set(x(2),'ylim',[0 550] , 'ytick', [0:50:550] , 'ycolor', 'black'); 
set(yl,'LineStyle'Marker' ' ' , ' o' , 'color','black','LineW 
idth',2); 

set(y2,'LineStyle'Markercolor','red','LineWi 
dth',2); 
hold on 

[x, y3, y4] =plotyy (age, epd_f it_obese_8 0_3 , age, entpy_ 
obese_80_3); 
grid on 

set(x,'xlim',[0 80],'xtick',[0 1:5:80]); 

set(x(1), 'ylim', [3e3 1.4e4] , 'ytick', [3e3:le3:1.4e4] , 'ycolor' 

,'black'); 

set(x(2),'ylim',[0 550] , 'ytick', [0:50:550] , 'ycolor', 'black'); 
set(y3,'LineStyle''Marker','x','color','blue','LineWi 
dth',2); 

set(y4,'LineStyle',':','Marker','+','color','green','LineWi 
dth',2); 

title(' Energy utilization and entropy generation by normal 
and obese people '); 
xlabel('Age (years)'); 
ylabel('Energy (J/day)'); 

set(get(x(2),'ylabel'), 'string', ' Cumulative Entropy 
(kJ/K) ' ) ; 

legend('Entropy obese','Energy normal','Energy 
obese','Location','West'); 
legend(y2,'Entropy normal','Location','East'); 
legend(y2,'Entropy normal','Location','East'); 

When we run the code, Example Figures 4.17.2 through 4.17.4 will appear on the screen: 

Contralateral Analysis Results: 

Total work for 25 cycles is 0.0023027 kJ. 

Glucose absorbed to the cell is 0.098411 mmol/lt. 

Q for blood is -0.0041982 kJ 
Q for oral cavity is 0.0015889 kJ 
X_destroyed for blood is 0.003438 kJ 
X_destroyed for oral cavity is 0.028474 kJ 
Expected life is 76 years 
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x 10 5 Entropy generation versus second law efficiency 
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EXAMPLE FIGURE 4.17.2 Entropy generation as a function of the second law 
efficiency during the chewing process. 
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EXAMPLE FIGURE 4.17.3 Work loops of the chewing process. 
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Energy utilization and entropy generation by normal and obese people 



Age (years) 

EXAMPLE FIGURE 4.17.4 Energy utilization and entropy generation by normal 
and obese people. 
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5 

Thermodynamic Assessment 
of the Industrial Bioprocesses 


Today, scarcity of energy resources and carbon dioxide concentration in the atmosphere 
are considered the two major concerns of humanity. Since the industrial processes are 
run irreversibly, they cause entropy accumulation in the environment (Lewins, 2011). 
Utilization of fossil fuels in the industry causes carbon dioxide and greenhouse gas 
emissions. Since the beginning of the industrial revolution in the 1850s, energy demand 
is rising, resources are diminishing, and carbon dioxide concentration in the atmo¬ 
sphere is increasing. Consequences are publicly blamed for numerous environmental 
and climatic adverse observations. Increasing thermodynamic efficiency and decreasing 
C0 2 emission are essential. 

The Kyoto Protocol was accepted in 1997 and entered into force in 2005; Turkish 
Parliament approved ratification in 2009. Up until July 2010, 191 states had signed or 
ratified the protocol. Turkey is among the Annex I countries, which agree to reduce 
their collective greenhouse gas (carbon dioxide, methane, nitrous oxide, sulfur hexa¬ 
fluoride) emissions by 5.2% from the 1990 level in the period of 2008-2012. In most 
countries, progress toward clean environment is achieved only with the support of 
the public, which comes only after informing the people. One way of determining the 
carbon footprint of production processes is to estimate the cumulative CO, emission, 
which is defined as the sum of the total C0 2 emission in each unit operation to pro¬ 
duce a product. 

To assess the impact of the industrial bioprocesses on the environment thermody¬ 
namically, we make use of the mass, energy, and exergy balance equations. Mass balance 
allows us to estimate the flow rates of chemical species, including the C0 2 emission, thus 
enabling us to determine the C0 2 footprint of each process. Energy balance allows us to 
determine, among others, the first law efficiency, heat and work transfer, and the related 
fuel consumption. Entropy and exergy analyses allow us to pinpoint the entropy genera¬ 
tion or exergy loss sources, compare actual systems with the ideal one, and determine 
the theoretical limits. In industrial production processes, it is also useful to evaluate the 
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cumulative energy consumption (CEnC), cumulative exergy consumption (CExC), and 
cumulative carbon dioxide emission (CC0 2 E). 

In the following, several examples of industrial bioprocesses are described to demon¬ 
strate the use of the laws of thermodynamics to assess the overall impact of a process to 
environment. 


5.1 CEnC, CExC, and CC0 2 E 

So far, we have demonstrated the use of the first law of thermodynamics in various pro¬ 
cesses. The first law analysis states that the total energy change in a system is equal to 
the sum of all the energy transfers, via heat, work, and mass. Industrial processes can 
be evaluated via the first law of thermodynamics, by comparing the energy flows to the 
system via various sources. Another method for the energetic evaluation of industrial 
production processes is to calculate the CEnC. The total energy used to produce one 
product is defined as the cumulative energy consumption. 

CEnC of a product summarizes the energetic impact of the production method 
of this product on the environment. CEnC does take into account not only the 
direct energy consumption but also indirect energy consumptions such as (Szargut 
et al., 1988) extracting nonrenewable primary energy and raw materials; producing 
materials and semiproducts; processing primary energy into final energy carriers; 
transporting raw materials, semiproducts, materials, and energy carriers; and con¬ 
structing production plants and installations in which the given product (energy car¬ 
rier) is manufactured. 

Szargut et al. (1988) proposed the concept of cumulative exergy consumption, 
which is the sum of exergy of all resources consumed in all the steps of a production 
process. CExC represents the available work consumed to obtain a product. It involves 
the exergy cost of raw materials, transportation, work, and heat transfer. Thus, it is a 
function of the pathway that the process follows and quantifies the total consump¬ 
tion of the exergy, including those of the raw materials, transportation, work, and 
heat transfer for production. CExC of various fuels and industrial products has been 
calculated during the last decade (Szargut et ah, 1988; Sorgiiven and Ozilgen, 2010). 
Some studies started to appear in the literature focusing on the exergy consumption of 
a single unit (Gungor et ah, 2011a,b; Murr et ah, 2011) or the entire process (Pellegrini 
and de Oliveira, 2011) employed in food plants, but the CExC calculations focusing on 
production of foods from farm to the market are rare in the food industry (Ozilgen 
and Sorgiiven, 2011). 

The cumulative degree of perfection (CDP) is the ratio of the chemical exergy of the 
product to the sum of the exergies of all the raw materials and the fuel consumed during 
production (Szargut et al., 1988): 


CDP = 


( fllCX) py (li: l UC t 


(mex)raw materials (lTl€X')fi Jt 


(5.1) 
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Example 5.1: Calculation of the CDP of Paper 

Chemical exergy of paper is 16.5 MJ/kg. We will calculate the CDP of paper 
when (i) paper is produced from standing timber and (ii) when paper is pro¬ 
duced from wastepaper. 

To calculate the CDP, we need the CExC values of all the consumed materi¬ 
als and chemical exergy for paper. An extensive list of CExC can be found in 
Szargut (1988). 

Mainly timber and fuel are used to produce paper. A simplified flowchart 
given in Example Figure 5.1.1 can be prepared to represent the exergy content of 
the consumed resources. 

Accordingly, CDP is 0.19. If production is performed in an integrated plant, 
where waste products are used as fuels, CDP rises to 0.28, since CExC of the 
consumed raw materials decreases to 19.0 MJ/kg and CExC of the consumed 
fuel becomes 40.9 MJ/kg. 

If wastepaper is used as raw material, then the exergy cost of the raw materi¬ 
als decreases dramatically as described in Example Figure 5.1.2. 

When we use the wastepaper, CDP rises to 0.74. As this example illustrates, 
low CDP values indicate the need for improved production techniques. 


Timber and 
other raw 
materials 
CExC: 72.0 
MJ/kg 


Fuel 

CExC: 16.1 MJ/ 


> 

► 


Paper 

production 

from 

standing 

timber 



EXAMPLE FIGURE 5.1.1 Exergy chart representing the exergy content of the 
consumed resources when paper is produced from timber. 


Waste paper and other 
raw materials 
CExC: 17.0 MJ/kg 

_ d 


\ 


/ Paper 
production 
from 

waste paper 



EXAMPLE FIGURE 5.1.2 Exergy chart representing the exergy content of the 
consumed resources when paper is produced from wastepaper. 
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5.2 Agriculture 

Plants uptake C0 2 and convert it into organic compounds using the solar energy. The 
environmental effect of photosynthesis is quite different from industrial processes, since 
a vast portion of the input energy comes from a renewable source. Nonetheless, some 
nonrenewable resources like fertilizers and microelements are used up during photosyn¬ 
thesis (Figure 5.1). Besides, fossil fuels and electricity are consumed to run agricultural 
machines or to transport agricultural goods. 

Photosynthesis involves a series of reactions, where ATP and NADPH 2 are produced 
and consumed to generate cell components. A summary of this complex set of reactions 
is given in Example 4.9 and a detailed thermodynamic analysis is provided by Petela 
(2008). Photosynthesis can be summarized with the following equation: 

Cell debris+ 

„„ r • Solar energy Carbohydrates + 

C0 2 + H,0 +Inorganics-> +0 2 (5.2) 

Lipids + 

Proteins 

Biomass 

Agriculture involves both biochemical and mechanical processes. The vegetable 
performs photosynthesis; takes in nutrients and energy from the soil, water, and 
sun; and grows (Figure 5.2). Hundreds of biochemical reactions occur simultane¬ 
ously while the vegetable grows. The speed of the growth, size of the ripe vegetable, 
and its quality depend on various environmental conditions, such as light inten¬ 
sity, temperature, humidity, and chemical composition of the soil. To speed up the 
growth and enhance the quality, agricultural machinery is employed. Depending on 
the geographical location and the use of technological aids, quality and quantity of 
the agricultural goods may vary extensively. Thermodynamic analyses may help to 
gain insight, pinpoint the least efficient steps, and also assess the overall environ¬ 
mental impact. 



Inorganics 




r 




Biomass 


L 


W 


FIGURE 5.1 A simple schematic description of photosynthesis. 
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Fertilizers 

Pesticides 

Minerals 


FIGURE 5.2 A simple schematic description of the process of agriculture. 


The first step of any thermodynamic analysis is, as usual, to define the system and its 
boundaries. Agriculture occurs in farms, where a continuous interaction between the 
vegetable and the surroundings occurs. Since we want to determine the overall impact 
on the environment, we include the hydrosphere, lithosphere, and atmosphere within 
the system boundaries. All the chemical ingredients, for example, the minerals, which 
are absorbed from water and soil and integrated into the biomass of the vegetable, flow 
out of the system boundaries as a part of the vegetable’s biomass. Therefore, the energy 
and exergy of these chemicals are accounted for as nonrenewable resources depleted 
from the atmosphere, hydrosphere, and lithosphere. These nonrenewable chemicals 
have to be fed into the system to maintain a steady (or at least quasi-steady) chemical 
state in the system. 

During agriculture, soil is enriched with both chemical fertilizers and manure. To 
protect the vegetable, agrochemicals (herbicides and insecticides) are used. The fer¬ 
tilizers and pesticides used in agriculture are nonrenewable chemicals and the envi¬ 
ronmental cost for these raw materials has to be accounted for, just like the minerals. 
Furthermore, agricultural machinery and, depending on the environmental conditions, 
a water irrigation system may be employed. Thus, other nonrenewable resources con¬ 
sumed during agriculture include electricity and fuel (Figure 5.2). These can be gener¬ 
ated from fossil fuels or renewable resources, and depending on that, CEnC, CExC, and 
CCO,E of these nonrenewables will vary dramatically. 


5.2.1 Inputs of Agriculture 

5.2.1.1 Fertilizers 

Chemical fertilizer production is an energy-intensive process. In 1998, 1.2% of the 
world’s energy demand and approximately 1.2% of the total greenhouse gas emis¬ 
sions were associated with fertilizer production; fortunately, energy consumption 



316 


Biothermodynamics: Principles and Applications 


TABLE 5.1 Values of Cumulative Energy Consumption and Cumulative Exergy Consumption 
for the Nitrogenous, Potassium, and Phosphorous Fertilizers and Lime 



A h° f (MJ/kg) 

ex% (MJ/kg) 

CEnC (MJ/kg) 

CExC (MJ/kg) 

cco 2 e 

Nitrogenous 

fertilizer 

66.1 

(Houshyar 
et al., 2010) 

3.68 

(Szargut 
et al., 1988) 

78.20 (Helsel, 
1992); 66.14 
(Banaeian 
et al., 2011) 

32.70 (Szargut 
et al., 1988) 

0.09 kg/MJ 
(Kongshaug, 
1998) 

Potassium 

fertilizer 

11.2 

(Houshyar 
et al., 2010) 

4.40 (Woods 
and 

Garrels, 

1987) 

13.8 (Helsel, 
1992); 11.15 
(Banaeian 
et al., 2011) 

4.56 (Pimentel, 
1991) 

0.51 kg/MJ 
(Kongshaug, 
1998) 

Phosphorous 

fertilizer 

12.4 

(Houshyar 
et al., 2010) 

2.70 

(Woods, 

1987) 

17.5 (Helsel, 
1992); 12.44 
(Banaeian 
et al., 2011) 

7.52 (Wittmus 
et al., 1975) 

0.15 kg/MJ 
(Kongshaug, 
1998) 

Lime 


1.96 (Patzek, 
2004) 

1.33 (Pimentel 
and Patzek, 
2005) 

10 (Patzek, 

2004) 

0.79 kg/kg 
(Patzek, 

2004) 


for chemical fertilizer production is decreasing over the years and approaching to 
the theoretical minimum in modern factories, for example, 40 MJ/kg of nitrogenous 
fertilizer (Kongshaug, 1998; Anundskas, 2000). The CEnC and CExC values for the 
nitrogenous, potassium, and phosphorous fertilizers (including packaging, transporta¬ 
tion, and application) employed in this thermodynamic analysis are listed in Table 5.1. 
If the fertilizers were produced in technologically improved factories, then these values 
would drop. 

Organic manure is also employed in agriculture. Ptasinski et al. (2007) give the lower 
heating value of manure as 7.506 MJ/kg and its chemical exergy as 8.427 MJ/kg. 


Example 5.2: Calculation of the Values of CEnC, CExC, and CC0 2 E 
of Organic Manure 

Fadere et al. (2010) states that 4,221 kg cow droppings and 12,663 kg market 
refuse are processed to produce 9,000 kg of organic manure. During the manure 
production, a total of 0.35 MJ/kg of energy is consumed: 

CEnC = 0.35 MJ/kg 

Of the total energy consumed, 0.33 MJ/kg is electrical work and the rest is 
human labor. Szargut calculated the CExC to generate 1 MJ of electricity from 
fossil fuel as 4.17 MJ/MJ: 


4221 ks 

CExC = Ex rmrlmteriak + Ex fuel =8.427-+ 0.33 x 4.17 MJ/MJ = 5.33 MJ/kg 

9000 kg '-' 


CExC of electricity 
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As a result, the CExC of the organic manure is calculated to be 5.3 MJ/kg. 
Note that the exergy of the market refuse is not taken into account during the 
CExC calculation, since it is a waste. 

The C0 2 emission factor of electricity is 0.14 kg C0 2 /MJ. So, the CCO,E of 
manure is 


CC0 2 E = 0.33 MJ/kg x 0.14 kg C0 2 /MJ = 0.0462 kg CO, /kg 


5.2.1.2 Pesticides 

If we know the exact chemical formula of the pesticide, then thermodynamic properties 
such as enthalpy of formation, Gibbs free energy, chemical exergy, or specific heat can 
be estimated. 


Example 5.3: Calculation of the Enthalpy of Formation, Gibbs Free Energy, 
and the Chemical Exergy of the Insecticide Methomyl and the Fungicide 
Thiram 

This example demonstrates the calculation of the thermodynamic properties of 
two agrochemicals, that is, the insecticide methomyl and the fungicide thiram. 


EXAMPLE TABLE 5.3.1 Atomic Group Contributions Employed for Estimating A h° 
and Ag° of Methomyl and Thiram 


Atomic Group 

Occurrence 

A h°f (kj/mol) 

Ag} (kj/mol) 

Methomyl 




-ch 3 

3 

-76.45 

-43.96 

-s- 

1 

41.87 

33.12 

-c= 

1 

83.99 

92.36 

=N- 

1 

23.61 

— 

-o— 

1 

-132.22 

-105.00 

-c=o 

1 

-133.22 

-120.50 

-NH- 

1 

53.47 

89.39 



Ah} = -223.56 kj/mol 

Ag“"-88.63 kj/mol 

Thiram 




-ch 3 

4 

-76.45 

-43.96 

-N- 

2 

123.34 

163.16 

— C— 

2 

83.99 

92.36 

-s- 

2 

41.87 

33.12 

=s 

2 

-17.33 

-22.99 



Ah} = -226.23 kj/mol 

A g} = 409.34 kj/mol 

Source: Green, 

D.W. and Perry, 

R.H., Perrys Chemical Engineers’ 

Handbook, 7th ed., 

McGraw-Hill, New York, 1997. 
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EXAMPLE TABLE 5.3.2 Increments to Be Added 
for the Estimation of the Standard Chemical Exergy 


Molecule 

e*A*fcm»/ Molecule (kj/mol) 

c 

410.25 

H 2 

236.10 

o 2 

3.97 

N 2 

0.72 

s 

607.05 


EXAMPLE TABLE 5.3.3 Estimates of the Standard Chemical Exergies of 
Methomyl and Thiram 



^^\ljCX c h, element (kj/mol) 

Chemical Exergy ex\ (kj/mol) 

Methomyl 

3844.0 

3755.4 

Thiram 

6307.0 

6716.3 


The method of atomic group contributions given in Example Table 5.3.1 are 
employed to estimate the A h° and Ag°. 

The chemical exergy of the contributing elements and those of methomyl and 
thiram is given in Example Tables 5.3.2 and 5.3.3: 

ex% = A g° + [ex\i ) 

i=l 

The state-dependent thermodynamic properties can be estimated as demon¬ 
strated in the previous example for any chemical species with a known chemi¬ 
cal structure. However, CEnC, CExC, and CC0 2 E are path-dependent properties 
and therefore cannot be estimated solely based on the chemical structure. Details 
of the production process have to be known so that all of the mass, heat, and 
work transfers can be accounted for. For example, Pimentel (1980) calculated the 
CEnC for a specific herbicide Treflan as the sum of the energy consumed during 
production (147.2 MJ/kg) and the energy required for packaging and transpor¬ 
tation (24.2 MJ/kg), that is, 171.4 MJ/kg. We can find some examples like these, 
where a specific pesticide production process is analyzed and the CEnC, CExC, 
and CCO,E values are calculated. There are also some studies that give ranges 
for CEnC, CExC, and CC0 2 E for several pesticides with different technological 
methods. Example Table 5.3.4 provides a summary of the literature survey on 
the thermodynamic properties and cumulative energy, exergy, and C0 2 values 
of pesticides. 
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EXAMPLE TABLE 5.3.4 

Summary of the Literature Survey on 

the Thermodynamic 

Properties and Cumulative Energy, Exergy, and C0 2 Values of Pesticides 



A hj 

ex ch 

CEnC (MJ/kg) 

CExC (MJ/kg) 

cco 2 e 

Herbicides 






General 


131MJ/L ton 

198.8 MJ/kg 

32.7 MJ/kg 

6.3 ± 



(Hovelius and 

(Banaeian et al., 

(Szargut 

2.7 kg/kg 



Hansson, 

2011); 418.2 MJ/kg 

et al., 1988); 

(Lai, 



1999) 

(Polychchronaki 

172-564 MJ/ 

2004) 




et al., 2007) 

kg (Brehmer, 
2008) 


Dicamba 

2.3 MJ/kg 

18.4 MJ/kg 





(calculated 

(calculated 





with the 

with the 





group 

group 





contribution 

contribution 





method) 

method) 




Treflan 



171.4 MJ/kg 






(Pimentel, 1980) 



Insecticides 

General 


51.4 MJ/L 

198.8 MJ/kg 

7.52 MJ/kg 

5.1 ± 



(Hovelius, 

(Banaeian et al., 

(Wittmus 

3.0 kg/kg 



1999) 

2011); 

et al., 1975); 

(Lai, 




363.8 MJ/kg 

21-667 MJ/kg 

2004) 




(Polychchronaki 

(Brehmer, 





et al., 2007) 

2008) 


Methomyl 

1.4 MJ/kg 

23.2 MJ/kg 





(calculated 

(calculated 





with the 

with the 





group 

group 





contribution 

contribution 





method) 

method) 




Fungicides 

General 


91.2 MJ/L ton 

198.8 MJ/kg 

4.56 MJ/kg 

3.9 ± 



(Hovelius 

(Banaeian et al., 

(Pimentel, 

2.2 kg/kg 



et al., 1999) 

2011) 

1980); 

(Lai, 





38-474 MJ/kg 

2004) 





(Brehmer, 

2008) 


Thiram 

0.9 MJ/kg 

27.9 MJ/kg 





(calculated 

(calculated 





with the 

with the 





group 

group 





contribution 

contribution 





method) 

method) 
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TABLE 5.2 Values of Cumulative Exergy Consumption and Cumulative Carbon Dioxide 
Emission for Irrigation 


ex ch (MJ/kg) CEnC (MJ/kg) 

CExC (MJ/kg) 

CCO,E (kg/kg) 

Water irrigation 0.0428 (Woods, 1987) 0.00102 (Banaeian 

et al., 2011) 

0.00425 

0.000595 


5.2.1.3 Water 

Electricity is used for water irrigation. Banaeian (2011) states that 0.00102 MJ of electric¬ 
ity is consumed for the irrigation of 1 kg water. Taking the exergy cost of electricity as 
4.17 MJ/MJ and CC0 2 E as 0.14 kg/MJ, then CExC and CC0 2 E of water irrigation are 
calculated as listed in Table 5.2. 

5.2.1.4 Solar Radiation 

The plants convert the energy from the sun into chemical energy with photosynthesis, 
and then the chemical energy is used to fuel the biological activities of the plants, includ¬ 
ing their growth. Only the light that is in the wavelength range of 400-700 nm (which 
constitutes about 45% of the total solar energy) may be used in photosynthesis. About 
25% of the referred 45% may be absorbed by the plants; the rest is lost by various reasons 
including reflection. Receiving nonoptimal levels of radiation reduces the efficiency of 
photosynthesis further; therefore, only 3%-6% of total solar radiation may be used in 
photosynthesis (Todd, 1982; Miyamato, 1997). Ways to increase the photosynthetic effi¬ 
ciency of the plants are being actively researched to improve their yields, including those 
of the grain crops (Long et al., 2006). The pollutants such as sulfur dioxide and herbi¬ 
cides (weed killers) inhibit the photosynthesis (Gunsolus, 1999; Appleton et ah, 2000). 
The rate of photosynthesis is affected by the temperature; the optimum is reported as 
25°C for the winter wheat (Snyder et ah, 2009). Soils deficient in nitrate, magnesium, 
or iron give rise to chlorophyll-deficient plants and reduce the rate of photosynthesis 
(Elopkins and Hiiner, 2009). 

Petala (2010) showed that the energy, entropy, and exergy of photon can be calculated 
with the following equations: 


a solar — aT 
1 

$ solar £ ~ ^ 

ex soIar = ^(3T 4 + T 0 4 -4T 0 r 3 ) 


where 

a = 7.564 • 10 -16 J/(m 3 K 4 ) is universal constant 
e is the emissivity of surface 
T is the absolute temperature 

T 0 is the environmental temperature (usually T 0 = 300 K) 
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The exergy of the direct solar radiation that passes through the earth’s atmosphere is 
calculated as 1.2835 kW/m 2 by Petela (2008). Only a fraction of this total exergy is avail¬ 
able in the photosynthetically active radiation, which is 0.5155 kW/m 2 . 


Example 5.4: Calculation of the Exergy Loss 
during the Photosynthesis of Microalgae 

Microalgae in the form of slurry with 50% lipid content will be extracted from 
an open pond with 20 g of microalgae per liter at a rate of 60 g/m 2 day. The cell 
debris of the algae is described with the following empirical formula: 

C4.17H8O1.25NiP0.10S0.03K0.03Na0.04Ca0.01Mg0.02C10.01Fe0.004 

Algal lipid contains only docosahexaenoic acid (C 69 H 98 0 6 ). First, we need to 
make a mass balance. During this photosynthesis, CO, from the atmosphere 
and inorganic materials from the water will be extracted and cellular debris 
and lipid will be formed. Let us assume the inorganics that will make up the 
cell debris are available in water in the form of Ca(OH) 2 , KC1, MgS0 4 , Na 2 S0 4 , 
FeCl 2 , NH 4 OH, and H 3 P0 4 . The third column of Example Table 5.4.1 (mass flow 
rate) presents the results of the mass balance. 


EXAMPLE TABLE 5.4.1 Details of the Exergy Analysis 


Input 

MW (kg/ 
kmol) 

Mass Flow Rate 
g/(m 2 day) 

ex ch kj/(m 2 day) 

RT 0 \n(y) 
kj/(m 2 day) 

ex = ex ch + 
RT 0 ln(y)kJ/ 
(m 2 day) 

ext (Total 
Exergy Input) 
(%) 

co 2 

44.0 

24.03 

0.00 

0.00 

0.00 


h 2 o 

18.0 

486.63 

20.80 

-0.15 

20.65 


Ca(OH) 2 

74.1 

0.04 

0.05 

-0.01 

0.04 


KC1 

74.6 

0.11 

0.02 

-0.04 

-0.02 


MgS0 4 

120.4 

0.12 

0.03 

-0.03 

0.01 

0.08 

Na 2 S0 4 

142.0 

0.14 

0.02 

-0.03 

-0.01 


FeCl 2 

126.8 

0.03 

0.03 

-0.01 

0.03 


NH 4 OH 

35.0 

1.76 

16.48 

-0.78 

15.70 


h 3 po 4 

98.0 

0.49 

0.40 

-0.11 

0.30 


Sunlight 

Total mass input 

513.35 

44,539.20 

Total exergy input 

44,539.20 

44,575.90 

99.92 

Output 

kg/kmol 

g/(m 2 day) 

kj/(m 2 day) 

kj/(m 2 day) 

kj/(m 2 day) 


Debris 

99.8 

5.00 

142.09 

-0.78 

141.31 


Lipid 

1023.5 

5.00 

201.86 

-0.10 

201.75 

0.77 

o 2 

32.0 

22.16 

0.00 

0.00 

0.00 


HC1 

36.5 

0.05 

0.07 

-0.03 

0.03 

0.05 

h 2 so 4 

98.1 

0.05 

0.08 

-0.01 

0.07 


h 2 o 

18.0 

481.09 

20.56 

-0.14 

20.42 


Total mass output 

513.35 

Total exergy output 

363.58 
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Chemical exergy of the inorganics are found from literature (exergoecol- 
ogy), and the chemical exergy of the debris and lipid is calculated based on the 
group additivity method (Sorgiiven and Ozilgen, 2010). The last four columns of 
Example Table 5.4.1 show the results of the exergy analysis. 

Most of the exergy flowing into the system comes from solar energy (i.e., 
99.92%). Exergy flowing in due to inorganics and water is negligible. Converted 
into biomass (i.e., cell debris + lipid) is 0.77% of the total inlet exergy. A small 
part is flowing out of the system as water solution (0.05%). The rest of the total 
inlet exergy is lost. 

This example demonstrates the role of the solar exergy in photosynthesis. 
Since the exergy content of the solar energy is very large, taking the solar exergy 
into account makes the contribution of all the other ingredients appear neg¬ 
ligibly small. Therefore, a common practice is to disregard the solar energy 
contribution to be able to compare the energetic and exergetic effect of the non- 
renewables adequately. 


5.2.1.5 Electricity and Fuel 

Electricity and fuel consumed by the agricultural machinery should be taken into 
energy and exergy analyses as well. Traditionally both electricity and fuel used in farm¬ 
ing are obtained from fossil resources, which have a large CExC. In recent years, the 
number of farms employing renewable energy sources increases. Producing electric¬ 
ity from wind turbines or solar panels reduces its exergy cost dramatically. Similarly, 
exergy cost of fuels can be reduced by producing fuel from vegetable or algal oil or via 
pyrolysis of wastes. 


Example 5.5: Energy and Exergy Utilization in the Agriculture 
of 1000 Ton of Olives, Soybeans, and Sunflower Seeds 

Example Figure 5.5.1 shows a simple system to investigate the agricultural 
process. Chemical fertilizers, water (either from natural sources like rain or 
from an electrically driven irrigation system), chemical pesticides, and diesel 
(including utilization for machine work) are the inputs of the system. And the 
vegetable is the only output of the system. 

Note that as we have discussed in Example 5.4, the solar energy will not be 
included in the energy and exergy balance, because it is a renewable resource 
and its value is too large that makes the contribution of the other inputs seem 
negligibly small. 

Data on the agriculture of olives (Polychchronaki et al., 2007), sunflowers 
(Kallivroussis et al., 2002), and soybeans (De et al., 2001) are found in the lit¬ 
erature. The extracted data include the amounts of fertilizers and pesticides 
consumed, the amount of the agricultural product harvested, whether water 
irrigation is employed or not, and the amount of electricity and diesel oil used. 
The amount of the harvest per unit area of the allocated land varies drastically. 
For example, only 500 kg of olive can be harvested from 1 ha land, whereas up 
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EXAMPLE FIGURE 5.5.1 Simplified flow chart of the olive, sunflower, and 
soybean agriculture. 


to 2700 kg of soybean can be harvested from the same land area. We have nor¬ 
malized all the data per 1000 kg of harvest. Results of this literature survey are 
summarized in Example Table 5.5.1. 

There are differences in the agricultural techniques. For example, water irri¬ 
gation is only employed for olives. Another example is that farmyard manure 
is used in the production of soybeans. Example Table 5.5.2 summarizes results 
of the energy, exergy, and CO, emission analyses. Comparison of CEnC, 
CExC, and CC0 2 E of olive, sunflower, and soybean agriculture is presented in 
Example Figure 5.5.2. 


EXAMPLE TABLE 5.5.1 Amounts of Fertilizers, Pesticides, Diesel Oil, and 
Electricity Consumed to Produce 1000 kg of Olives, Sunflowers, and Soybeans 



Olive 

Sunflower 

Soybean 

Nitrogenous fertilizer (NH 4 N0 3 ) (kg) 

2.8 

33.3 

11.4 

Phosphorous fertilizer (P 2 O s ) (kg) 

0.8 

16.7 

0.0 

Potassium fertilizer (K 2 0) (kg) 

0.8 

0.0 

64.4 

Herbicides (kg) 

4.8 

0.6 

0.4 

Insecticides (kg) 

3.6 

0.0 

0.0 

Fungicides (kg) 

0.0 

0.0 

0.0 

Diesel oil (kg) 

85.4 

35.6 

36.5 

Electricity (MJ) 

60.4 


356.1 
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EXAMPLE TABLE 5.5.2 Results of the Energy, Exergy, and C0 2 Emission Analyses 



Energy Utilization (MJ) 

Exergy Consumption 
(MJ) 

co 2 

Emission (kg) 


Olive 

Sun¬ 

flower 

Soy¬ 

bean 

Olive 

Sun¬ 

flower 

Soy¬ 

bean 

Olive 

Sun¬ 

flower 

Soy¬ 

bean 

Nitrogenous 

222.1 

2606.7 

888.7 

92.9 

1090.0 

371.6 

20.0 

234.6 

80.0 

fertilizer 

(NH 4 N0 3 ) 

Phosphorous 

14.4 

291.7 

0.0 

6.2 

125.3 

0.0 

2.2 

43.8 

0.0 

fertilizer (P 2 0 5 ) 

Potassium 

10.5 

0.0 

888.7 

3.5 

0.0 

293.7 

5.3 

0.0 

453.2 

fertilizer (K 2 0) 

Herbicides 

2007.4 

238.1 

150.2 

1766.4 

318.8 

132.2 

30.2 

5.6 

2.3 

Insecticides 

1309.7 

0.0 

0.0 

1238.4 

0.0 

0.0 

18.4 

0.0 

0.0 

Fungicides 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Diesel oil 

4908.8 

2042.7 

2096.6 

4545.5 

1891.6 

1941.4 

80.3 

33.4 

34.3 

Electricity 

60.4 

0.0 

356.1 

251.9 

0.0 

1484.9 

8.5 

0.0 

49.9 

Seed 

— 

— 

972.6 

— 

— 

1358.1 

— 

— 

36.4 

Manure 

— 

— 

719.8 

— 

— 

511.0 

— 

— 

100.8 

Total 

8533.2 

5179.2 

6072.7 

7904.7 

3425.7 

6092.9 

164.9 

317.4 

756.8 


10,000 

8,000 

6,000 

4,000 

2,000 

0 


CEnC (MJ/ton) 



Olive Sunflower Soybean 


10,000 

8,000 

6,000 

4,000 

2,000 

0 


CExC (MJ/ton) 



800 

600 

400 

200 

0 
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■ Diesel + Electricity 

■ Pesticide 

■ Fertilizer 


n 


Olive Sunflower Soybean 


EXAMPLE FIGURE 5.5.2 Comparison of cumulative energy consumption, 
cumulative exergy consumption, and cumulative carbon dioxide emission of olive, 
sunflower, and soybean agriculture. 


Among the three investigated vegetables, olive is the most energy- and 
exergy-intensive agricultural product. But surprisingly, C0 2 emitted during its 
production is very low. 

If we compare the amounts of the consumed fertilizer, then we see that 
nearly the same amount of fertilizers are consumed for sunflower and soybean. 
However, in the agriculture of soybean, a large portion of the fertilizers is potas¬ 
sium based, which has the highest CC0 2 E. Thus, in this comparison, the overall 
CC0 2 E depends mostly on the amount of the potassium fertilizer consumed. 
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5.2.2 Effect of Different Farming Methods on the 
Overall Energy and Exergy Consumption 

Chemical fertilizer use in agriculture is generally not based on soil analysis and is much 
more than the actual need (Esengun et al., 2007). Introducing some microorganisms to 
the soil may stimulate nitrogen fixation, solubilize the insoluble minerals, and reduce 
the need to produce and transport large amounts of chemical fertilizers (Aslantas 
et al., 2007). Fertilizer management practices may reduce energy utilization up to 72%; 
consequently, herbicide utilization and pollution also decrease (Clements et al., 1995; 
Hiilsbergen et al., 2001; Snyder et al., 2009; Ren et al., 2010). 


Example 5.6: How do the CEnC, CExC, and CC0 2 E Values 
Change Based on Different Agricultural Techniques? 

In order to demonstrate how different agricultural techniques change the 
results, CEnC, CExC, and CC0 2 E for soybean production are calculated based 
on four different data (Pimentel, 1991; Sheehan et al., 1998a; De et al., 2001; Fore 
et al., 2011). Energy and exergy consumption and carbon dioxide emission asso¬ 
ciated with seeds are omitted in this comparison. Results are summarized in 
Example Figures 5.6.1 through 5.6.3 and Example Table 5.6.1. 

The total amount of fertilizers consumed is reported as 17.4 kg/ton by Fore 
et al. (2011), 43.4 kg/ton by Sheehan et al. (1998b), and 75.8 kg/ton by De et al. 
(2001). Pimentel and Patzek (2005) reported that 4800 kg/ha of lime is used 
in addition to the nitrogenous, phosphorous, and potassium fertilizer utiliza¬ 
tion, which is 3.7, 37.8, and 14.8 kg/ha, respectively. According to their data, 
nearly half of the total consumed energy (15,658 MJ/ha) comes from lime 
(5,639 MJ/ha). In spite of this rather large consumption of fertilizers, the total 



Fore et al. Sheehan et al. De et al. Pimentel et al. 


EXAMPLE FIGURE 5.6.1 Comparison of cumulative energy consumptions in 
soybean production. 
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EXAMPLE FIGURE 5.6.2 Comparison of cumulative exergy consumptions in 
soybean production. 



Fore et al. Sheehan et al. De et al. Pimentel et al. 


EXAMPLE FIGURE 5.6.3 Comparison of carbon dioxide emission in soybean 
production. 
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EXAMPLE TABLE 5.6.1 Raw Materials and Fuels Consumed to Produce 1 Ton of 
Soybean 



Fore et al. 
(2011) 

Sheehan 
et al. (1998) 

De et al. 
(2001) 

Pimentel and 
Patzek (2005) 

Nitrogenous fertilizer (kg) 

1.79 

4.58 

11.36 

1.39 

Phosphorous fertilizer (kg) 

5.85 

14.37 

0.00 

14.17 

Potassium fertilizer (kg) 

9.79 

24.46 

64.40 

5.55 

Lime (kg) 

0.00 

0.00 

0.00 

1799.10 

Herbicides (kg) 

1.06 

1.88 

0.36 

0.49 

Diesel (kg) 

100.81 

18.62 

36.49 

13.19 

Gasoline (kg) 

0.00 

10.00 

0.00 

10.52 

Electricity (MJ) 

0.00 

16.91 

356.10 

13.49 


energy consumption is comparable to other data sets, since diesel and electric¬ 
ity consumptions are comparatively less than the rest of the published data sets. 
However, exergy consumption and carbon dioxide emission values are effected 
dramatically. Lime production is an energy-intensive process, where 10 MJ of 
exergy is consumed and 0.79 kg of CO, is emitted per kg of lime (Pimentel 
and Patzek, 2005). The CExC value is calculated based on Pimentel and Patzek 
(2005) to be 19,427 MJ/ton of soybean, where 93.5% of the total exergy con¬ 
sumption is due to fertilizers. The C0 2 emission per ton of soybeans calculated 
based on Pimentel and Patzek (2005) is 1534 kg, where 98.3% of this is due to 
fertilizer consumption. Example Table 5.6.1 and Example Figures 5.6.1 through 
5.6.3 draw attention to the point about excessive fertilizer utilization as criticized 
by Esengun et al. (2007). 

This example shows that the CEnC, CExC, and CCO,E values may vary 
in a quite large range depending on the agricultural practices. For soybeans, 
CEnC values vary between 3,261 and 6,612 MJ/ton, CExC values between 2,428 
and 19,427 MJ/ton, and CC0 2 E values between 198 and 1,534 kg/ton. 


Example 5.7: Calculation of CEnC, CExC, and CC0 2 E 
for the Agriculture of Strawberries 

Values of CEnC, CExC, and CCO,E will be calculated for the agriculture of 
strawberries based on the data given in Example Table 5.7.1; we will ignore the 
energy, exergy, and C0 2 emission related to the seed production. 

Strawberry production can be simplified as shown in the flowchart 
(Example Figure 5.7.1). Raw strawberries, which are harvested very early in 
the morning, are put into the reusable plastic crates and transported with 
no cooling. We assumed that heavy-duty trucks with a 10 ton capacity are 
employed to transport raw strawberries from the farm to a cleaning facil¬ 
ity, which is 30 km away. The strawberry cases are unloaded from the trucks 
manually and stems are removed on the sorting table. Strawberry cleaning 
machine (Model JY X700, Zhengzhou Jun Yu Trade Co., Ltd., Zhengzhou, 
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EXAMPLE TABLE 5.7.1 Inputs of the Strawberry Agriculture When the 
Growth Yield Is 64.2 Ton/(ha Year) 


Fertilizer 

Nitrogenous (NH 4 N0 3 ) 

18% 

3369.2 kg/(ha Year) 


Phosphorous (P 2 0 5 ) 

55% 



Potassium(K 2 0) 

27% 


Microelements 

Fe 

92% 

51.0 kg/(ha Year) 


B 

2 % 



Mn 

4% 



Zn 

2 % 


Pesticides 

Herbicides 

33% 

42.9 kg/(ha Year) 


Insecticides 

33% 



Fungicides 

33% 


Diesel oil consumed during agriculture 


10,976.1 kg/(ha year) 

Electricity consumed during agriculture 


11,076.4 MJ/(ha year) 


Source: Banaeian, N. et al., Energy Corners. Manage., 5,1020,2011. 



EXAMPLE FIGURE 5.7.1 Flowchart of strawberry agriculture. 


Henan, China; capacity = 500 kg/h) utilizes 5.4 MJ of electricity per ton of 
strawberries. The sorting machine (Jiadi, China, Model JD-JG-5; capacity = 
5 ton/h) utilizes 1.1 MJ of electricity per ton of strawberries. About 5% of the 
strawberries, which are inappropriate for processing, are ground in an indus¬ 
trial waste grinder (Tsingtao Donghao Plastics Machinery Co., Ltd., Qingdao, 
Shandong, China; capacity = 500-2000 kg/h; energy utilization = 324 MJ/h) 
and recycled to the fields in 50 g polylactic acid (PLA) bags as organic manure. 
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EXAMPLE TABLE 5.7.2 Energy and Exergy Consumed and CO z Emitted during Production 
of 1 Ton of Strawberry 


Activity 

CEnC (MJ/ton) 

CExC (MJ/ton) 

CCO,E (kg/ton) 

Consumption of chemical fertilizers 

1,540.0 

598.7 

516.6 

Agrochemicals, such as pesticides, 

132.8 

215.4 

3.4 

herbicides and fungicides 

Diesel consumption 

9,822.4 

9,095.5 

136.4 

Electric power consumption 

172.5 

719.5 

24.2 

Transportation of the strawberries 

41.2 

38.1 

0.6 

to the factory 

Cleaning machinery 

5.4 

22.5 

0.8 

Sorting machinery 

1.1 

4.6 

0.2 

Recycling of the strawberries 

23.0 

88.3 

3.2 

Total 

11,738.4 

10,782.6 

685.4 


Energy and exergy consumed and CO, emitted during the agriculture of 
strawberry are listed in Example Table 5.7.2. 

About 86% of the total energy and 92% of the total exergy consumed during 
the strawberry production originate from fossil fuels; the rest is contributed by 
nonrenewable chemicals (fertilizers, pesticides, and micronutrients). 


Example 5.8: Calculation of the CDP of Strawberries 

Chemical composition and the chemical exergy of each constituent of the 
strawberries are described in Example Table 5.8.1. The CExC of 1 ton of straw¬ 
berries is estimated as 10,782.6 MJ. 


EXAMPLE TABLE 5.8.1 Chemical Composition and the Chemical Exergy of Each Constituent 
of the Strawberries 


Chemical Composition 
of Strawberry (%) 

Estimation Method 

e*<* 

(MJ/kg) 

y,RT 0 In (y t ) 

Carbohydrate 

8.30 

In strawberries, carbohydrate is found as a 
mixture of glucose, sucrose, and fructose. The 
chemical exergy value used here is the chemical 
exergy of sugar as listed in Szargut (1988). 

25.95 

-0.0005 

Protein 

0.80 

Assume all proteins are polymers of alanine, 
and calculate based on group additivity 
method. 

25.35 

-0.0001 

Fat 

0.50 

Assume fat is based on oleic acid, and calculate 
based on group additivity method. 

37.14 

-0.0001 

Ash 

0.50 

There are no available data on the chemical 
exergy of ash in literature. Let us neglect the 
contribution of ash, since it makes up only a 
very small portion of strawberries. 

0.0 

-0.0001 

Water 

89.90 

Woods (1987). 

0.043 

-0.0002 
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The chemical exergy of strawberries is calculated with the given data: 
(Chemical composition of strawberry) (ex c h) = 2.58 MJ/kg 

The CDP of strawberries is then 


CDP _ 2.58 Ml/kg 
10.78 MJ/kg 


= 0.24. 


Example 5.9: Calculation of the CEnC, CExC, and CC0 2 E Values 
of the Sugar Beet Agriculture 

Mass flow rates of the nonrenewable inputs for sugar beet production are listed 
in Example Table 5.9.1 and the flowchart is shown in Example Figure 5.9.1. 
Assuming that 5% of the sugar beet is found inappropriate for processing, it 
is ground and recycled to the field as fertilizer. Sugar beets are transported to 
the factory at an average distance of 60 km with heavy-duty trucks (Roy et al., 
2008). Since the trucks are empty, or carrying the recycled beets only, while 
going back to the fields, calculations are performed for the two-way trip. Results 
are summarized in Example Table 5.9.2. 

The diesel and the chemical fertilizers have large shares of energy and exergy 
utilization in the agriculture of both strawberry and sugar beet (Example 
Table 5.9.2). The diesel utilization may be reduced by using energy-efficient trucks 


EXAMPLE TABLE 5.9.1 Inputs to Produce Sugar Beet with a Yield of 
60.8 Ton/(ha Year) 


Fertilizer 

Nitrogenous (NH 4 N0 3 ) 

53% 

480.3 kg/(ha Year) 


Phosphorous (P 2 O s ) 

33% 



Potassium (K 2 0) 

13% 


Organic Manure 

Hemicellulose 

21 % 

9100.0 kg/(ha Year) 


Cellulose 

25% 



Lignin 

13% 



Protein 

12 % 



Ash 

9% 


Pesticides 

Herbicides 

18% 

0.60 kg/(ha Year) 


Insecticides 

25% 



Fungicides 

57% 


Diesel oil consumed during agriculture 


141.9 kg/(ha year) 

Electricity consumed during agriculture 


1884.8 MJ/(ha year) 


Source: Adapted from Erdal, G. et ah, Energy, 32, 35, 2007. 
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EXAMPLE FIGURE 5.9.1 Flowchart of sugar beet agriculture and sugar 
production. 


EXAMPLE TABLE 5.9.2 Inputs Energy and Exergy Consumed and C0 2 Emitted to Produce 
1 Ton of Sugar Beet 


Activity 

CEnC per Ton 
of Sugar Beet 
(MJ/Ton) 

CExC per Ton 
of Sugar Beet 
(MJ/Ton) 

CC0 2 E per Ton 
of Sugar Beet 
(kg/Ton) 

Consumption of chemical fertilizers 

434.1 

2317.8 

61.5 

Consumption of chemicals (pesticides 

2.0 

3.0 

0.0 

and manure) 

Diesel consumption 

134.1 

124.2 

1.9 

Electric power consumption 

31.0 

129.3 

4.3 

Transportation of the sugar beet to the 

164.6 

152.4 

2.4 

sugar factory 

Cleaning, sorting, and recycling of the 

34.3 

135.5 

4.7 

sugar beet 

Total 

800.1 

2862.2 

74.8 
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and optimizing delivery plans. The energy consumption decreased in modern 
chemical fertilizer factories over the years and approached to the theoretical mini¬ 
mum (Kongshaug, 1998; Anundskas, 2000). Providing fertilizers from the energy- 
efficient plants may contribute to energy savings. The chemical fertilizer use in 
agriculture is generally not based on soil analysis and much more than the actual 
need (Esengun et al., 2007). Introducing some microorganisms to the soil may 
stimulate nitrogen fixation, solubilize insoluble minerals, and reduce the need to 
produce and transport large amounts of chemical fertilizers (Aslantas et al., 2007). 
Successful fertilizer management practices may reduce energy utilization up to 
72%; consequently, herbicide utilization and pollution also decrease (Clements 
et al., 1995; Hiilsbergen et al., 2001; Snyder et al., 2009; Ren et al., 2010). 


Example 5.10: Comparison of the Agriculture of Wheat and Rye in 
Turkey and in Germany 

Similar to previous analyses, the system boundaries involve the atmosphere, 
hydrosphere, and lithosphere so that the soil in which the wheat or rye seeds 
grow is within the system boundaries. All the nonrenewables (including chemi¬ 
cals and fuels) are fed to the system, and the amount of the consumed nonre¬ 
newables are determined based on a literature survey. Example Table 5.10.1 lists 
the amounts of the nonrenewables consumed to produce wheat or rye in 1 ha 
of land area. 

Even though there are only small differences between the agricultural inputs in 
Turkey and in Germany, the yield per 1 ha of allocated land area differs immensely 
(Oren and Ozturk, 2006; Toprak Mahsulleri Ofisi, 2014; United States Department 
of Agriculture, 2014). As seen in Example Figure 5.10.1, both grain and straw yields 
in Turkey are much lower than in Germany. In Germany, 3.3 times more wheat 
grain and 2.3 times more rye grain are harvested than in Turkey. 

Example Table 5.10.2 lists the energy and exergy flowing into and out of the 
system boundaries. The values listed are calculated by multiplying the enthalpy 
or chemical exergy values of the species with the mass flow rate. Comparing 
the input values for Turkey and Germany shows only small differences. But 
since the yield in Germany is considerably larger, the energy and exergy content 
of the product in Germany is also much larger than the product obtained in 
Turkey. The large difference in the CDP values demonstrates this fact. 

Example Table 5.10.3 shows the results of the cumulative energy, exergy, and 
C0 2 emission analyses. 

In Example 6.6, we have compared soybean production at different sites, 
where the amount of the yield per land area varies between 1977 and 2737 kg/ha. 
So the variation in the soybean yield was less than 40%. The main difference in 
the CEnC, CExC, and CC0 2 E values came about because of the large variation 
in the fertilizer consumption. Here, we see that even though similar amounts 
of fertilizers and pesticides are used and similar agricultural techniques are 
employed, amount of the yield may change drastically. The answer to the 
question remains to be unanswered: “Why wheat and the rye production in 
Germany is more efficient?” It may possibly be due to the genetic characteristics 
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EXAMPLE TABLE 5.10.1 Nonrenewable Inputs of the Wheat and Rye Agriculture in Turkey 
and Germany 



Wheat 


Rye 


Turkey 

Germany 

Turkey 

Germany 

Diesel oil (L/ha) 

165.6 (Tipi et al., 
2009) 

165.6 (Tipi et al., 
2009) 

124.3 (Houshyar 
et al., 2010) 

124.3 (Houshyar 
et al., 2010) 

Nitrogen fertilizer 

101.88 (Oren and 

145 (Phillips and 

40 (Erzurum 

98 (Magid et al., 

(kg/ha) 

Ozturk, 2006) 

Norton, 2012) 

Valiligi, 2013) 

2001 ) 

Phosphorus 

72.2 (Oren and 

37 (Phillips and 

50 (Erzurum 

24 (Magid et al., 

fertilizer (kg/ha) 

Ozturk, 2006) 

Norton, 2012) 

Valiligi, 2013) 

2001 ) 

Potassium fertilizer 
(kg/ha) 

— 

41 (Phillips and 
Norton, 2012) 

— 

44 (Magid et al., 

2001 ) 

Herbicide (kg/ha) 

1.12 (Everman, 
2015) 

1.12 (Everman, 
2015) 

1.12 (Everman, 
2015) 

1.12 (Everman, 2015) 

Insecticide (kg/ha) 

0.56 (Penn State 
College, 2014) 

0.56 (Penn State 
College, 2014) 

0.56 (Penn State 
College, 2014) 

0.56 (Penn State 
College, 2014) 

Fungicide (kg/ha) 

1.69 (Clemson 
Cooperative 
Extension, 2014) 

1.69 (Clemson 
Cooperative 
Extension, 2014) 

1.69 (Clemson 
Cooperative 
Extension, 2014) 

1.69 (Clemson 
Cooperative 
Extension, 2014) 

Seed (kg/ha) 

227.7 (Oren and 
Ozturk, 2006) 

227.7 (Oren and 
Ozturk, 2006) 

200 (Oren and 
Ozturk, 2006) 

200 (Oren and 
Ozturk, 2006) 

Irrigation water 

1195 (Hellevang, 

6350 (Hellevang, 

1982 (Hellevang, 

4731 (Hellevang, 

(kg/ha) 

1995) 

1995) 

1995) 

1995) 

Transportation 
(L diesel/km) 

0.287 (Roy et al., 
2008) 

0.287 (Roy et al., 
2008) 

0.287 (Roy et al., 
2008) 

0.287 (Singh, 2002) 


14,000 

12,000 

10,000 

=£; 8,000 

H 6,000 
£ 

4,000 

2,000 

0 



Wheat (Turkey) Wheat Rye (Turkey) Rye (Germany) 

(Germany) 


EXAMPLE FIGURE 5.10.1 Wheat and rye yields in Turkey and Germany. 
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EXAMPLE TABLE 5.10.2 Total Energy and Exergy Input and Output during the Agriculture 
of the Wheat Grain and Rye Grain in Turkey and Germany 



Turkey 



Germany 


Energy Inflow 
(MJ/ha) 

Exergy Inflow 
(MJ/ha) 

Energy Inflow 
(MJ/ha) 

Exergy Inflow 
(MJ/ha) 

Wheat grain inputs 
Diesel oil 

5,842 

5,675 


5,842 


5,675 

Nitrogen fertilizer 

2,694 

150 


3,834 


213 

Phosphate fertilizer 

269 

227.6 


89 


117 

Potassium fertilizer 

— 

— 


46 


1 

Herbicide 

2.60 

20.6 


2.60 


20.6 

Insecticide 

0.78 

12.8 


0.78 


12.8 

Fungicide 

1.01 

34.5 


1.01 


34.5 

Seed 

3,575 

4,508 


3,575 


4,508 

Irrigation 

120 

60 


635 


318 

Electricity 

543 

543 


1,573 


1,573 

Total 

: 13,047 

/ , ( mex) irt 

: 11,232 

2\mh) in : 

15,598 

Eimex)^ 12 ’ 473 

Wheat grain outputs 







Grain 

35,037 

41,950 


117,306 


140,448 

Straw 

2,795 

474 


49,875 


8,379 

Total 

'Y J (rnh) mt : 37,832 

/ , ( mex) oul 

: 42,424 

/(mh) out 

: 167,181 

'y^(mex) ou , : 148,827 

CDP grain 


3.73 




11.26 

Rye grain inputs 

Diesel oil 

4,378 

4,255 


4,378 


4,255 

Nitrogen fertilizer 

1,058 

58.9 


2,593 


144.3 

Phosphate fertilizer 

186 

157.6 


89 


75.7 

Potassium fertilizer 

— 

— 


51 


1.14 

Herbicide 

2.60 

20.6 


2.60 


20.6 

Insecticide 

0.78 

12.8 


0.78 


12.8 

Fungicide 

1.01 

34.5 


1.01 


34.5 

Seed 

3,140 

3,960 


3,140 


3,960 

Irrigation 

198 

99 


473 


237 

Transportation 

6 

3.65 


6 


3.65 

Electricity 

591 

591 


1,286 


1,286 

Total 

mh )*,: 9,561 

y (mex ),,,: 

9,193 

’y ' (nih) m : 

12,020 

'Y J (mex\„ : 10,031 

Rye grain outputs 

Grain 

38,073 

45,584 


87,612 


104,896 

Straw 

16,188 

2,745 


37,250 


6,258 

Total 

'Y}mh) out : 54,261 

2 j,mex) out 

: 48,329 

y,(mh) 0M 

: 12,862 

'Yj,mex) out : 111,154 

GDP grain 


4.96 




10.46 
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EXAMPLE TABLE 5.10.3 Values of the Cumulative Energy Consumption, Cumulative 
Exergy Consumption, and Cumulative Carbon Dioxide Emission as Calculated for Wheat 
and Rye Grain Agriculture in Turkey and Germany 




Turkey 



Germany 



CEnC 

CExC 

CCO,E 

CEnC 

CExC 

cco 2 e 


(MJ/kg) 

(MJ/kg) 

(kg/kg) 

(MJ/kg) 

(MJ/kg) 

(MJ/kg) 

Wheat grain 

5.4 

6.7 

0.3 

1.9 

2.7 

0.2 

Rye grain 

3.5 

5.4 

0.2 

1.8 

2.4 

0.2 


of the seed varieties and that one type of seed is better adapted to the environ¬ 
mental conditions (temperature, humidity, chemical composition of the soil) 
and therefore performs photosynthesis at a higher efficiency. Nevertheless, 
thermodynamic analysis allows us to pinpoint the root of the inefficiencies in 
the agricultural process. 


5.2.3 Use of Plants as Fuel Source 

Traditionally, vegetable were consumed only as food. But today, because of the fossil 
fuel crisis, some vegetable oils are also used as biodiesel (Peiro et al., 2010, a,b). Usually 
biodiesels are called renewable energy resources. But renewability has many aspects. 
Renewability can be thought in terms of thermodynamic, social, economic, and envi¬ 
ronmental aspects, which include—among other criteria—net carbon dioxide emission, 
competition with the food supply, and waste management (Cramer et al., 2006; Lobo, 
2007; Worldwatch Institute, 2007; Goldemberg et al., 2008). Some energy sources are 
found to be energetically, socially, and economically renewable, although the exergy 
required to restore the environmental damages emerged during the production of the 
energy source is larger than the useful work produced by the energy source. A good 
example for this is bioethanol. Production of ethanol from corn gives a positive energy 
balance, emits no net carbon dioxide to the atmosphere, and creates new workplaces. 
Hence, it is considered as a renewable energy source. However, the exergy analysis of 
the use of ethanol from corn as a biofuel shows that the process is not renewable, since 
exergy loss is due to the consumption of nonrenewable materials; resource process¬ 
ing and waste treatment are larger than the exergy produced. Exergy consumed dur¬ 
ing the process is nearly five times larger than the available work produced by ethanol 
(Berthiaume et al., 2001; Yang et al., 2009). 


5.2.4 Renewability Assessment 

A renewable energy source should not destroy exergy. This means that the total work 
used to produce the energy source plus the total work used to restore environment 
to its initial state has to be smaller or equal to the work produced by this energy 
source. Fossil fuels, for example, are nonrenewable, since the work required for the 
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environmental restoration is much larger than the produced work. During the pro¬ 
duction of biofuels, however, nonrenewable inputs are limited. Thus, these are closer 
to full renewability. In the following, the methodology to quantify renewability in 
terms of exergy is explained. 

The hydrosphere, lithosphere, and atmosphere act as water and carbon reservoirs. 
Nutrient-rich water is consumed during agriculture. Vegetables extract the neces¬ 
sary minerals and nutrients from water and integrate those into their own biomass. 
Therefore, the chemical composition of the outlet water is different. To keep system con¬ 
ditions unchanged, the degraded nonrenewable chemicals have to be recycled. Similarly, 
the water employed in all stages of the overall process needs to be fully recycled, too. 
Carbon dioxide used during photosynthesis is released back to the atmosphere during 
the work production step, which may be, for example, the combustion process in a diesel 
engine. Hence, there is no mass transfer through the system boundaries, and the system 
remains at constant chemical composition (Figure 5.3). 

Berthiaume et al. (2001) extended Szargut’s definition of CExC by defining the 
cumulative net exergy consumption ( CNEx ) and the restoration work ( w r ). CNEx is the 
difference between the CExC and the exergy content of the main product (ex p ): 

CNEx = CExC — ex p 

The restoration work (w r ) represents the net exergy cost to produce an energy source, 
without causing any environmental damage, like water and air pollution. It is defined as 
the sum of the CNEx during the production process and waste treatment: 

tt'r CNEx pw( t uc ti otI + CNEx was te treatment 



Agriculture 


Renewables 


Recycling of the 
degraded non¬ 
renewables, production 
of fertilizers, electricity, 
fuels, etc. 

Waste treatment 


extraction 


Fuel production 


< —- - —| Work i , N. 

Net work , Restoration > 

' Production 


FIGURE 5.3 Schematic representation of the phenomena occurring in the hydrosphere, 
lithosphere, and atmosphere. 
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Accordingly, renewability indicator, 7, is defined as 

j = ( w p -w r ) 

W p 

where w p is the useful work obtained by the product. If the maximum work potential of 
the product is extracted via reversible processes, then w p equals to ex p . 


Example 5.11: Calculation of the Cumulative Net Exergy Consumed 
to Produce Gasoline in a Petroleum Refinery 

The chemical exergy of gasoline (ex p ) is 35.6 MJ/kg. If the total amount of the 
exergy consumed (including the chemical exergy of raw materials, electricity, 
and fuels used during the process) to produce gasoline in a petroleum refinery 
(CExC) is 42.4 MJ/kg, then CNEx is 6.8 MJ/kg (Berthiaume et al„ 2001). In other 
words, 42.4 MJ of available energy is consumed to obtain a product, which has 
35.6 MJ work potential. 


Example 5.12: Is Biodiesel Produced from Microalgae a Renewable Energy? 

The system has to include the atmosphere, lithosphere, and hydrosphere as 
described in the previous section. As shown in Example Figure 5.12.1, only a few 
nonrenewable chemicals and solar energy are entering the system boundaries. 
All the chemicals that can be recycled (here carbon dioxide, water, ethanol, etc.) 
are recycled and fed into the unit processes. The work required for this recy¬ 
cling is taken from the work produced during the combustion of the biodiesel 
in the diesel engine. 

Mass, energy, and exergy analyses are performed for each unit process. Algae 
are grown in a glass pond via photosynthesis. The cellular inorganic chemi¬ 
cals needed for the photosynthesis are provided by adding the following salts 
(per 100 kg of debris produced) into the pond: makeup water, 72 kg; Ca(OH) 2 , 
2 kg; KC1, 6 kg; MgS0 4 , 1 kg; NaH 2 P0 4 , 4.7 kg; FeCl 2 , 1 kg; NH 4 C1, 16 kg. 
Photosynthesis is simplified as a one-step reaction: 

4.17CO, +0.04NH 4 + +4H 2 0 C 4 . 17 H 8 O L25 N 0 . 04 + Cellular Inorganics 

Algae grow in the pond and mature cells flocculate, settle in continuously, and 
are fed into an expeller press. In the expeller press, algal oil is separated from 
cell debris. Algal oil is pumped to a reactor. 

The dominant chemical reaction occurring in the reactor is 


C 69 H 98 O 6 + 6 C 2 H 5 OH —» 3C 24 H 36 0 2 + CsHgCb + 3C 2 H 5 OH 


The rest of the processes in the biodiesel production is separation and recycling 
processes. Example Table 5.12.1 summarizes the consumed exergy to produce 
algal biodiesel. 




EXAMPLE FIGURE 5.12.1 


Sketch of the overall system. 
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EXAMPLE TABLE 5.12.1 Summary of the Exergy Consumption for Algal 
Biodiesel Production 


Input 


CNEx 

Ca(OH) 2 

7.4 kg 

1,395 kj/kg 

KC1 

22.2 kg 

190 kj/kg 

MgS0 4 

3.7 kg 

271 kj/kg 

NaH 2 P0 4 

17.4 kg 

351 kj/kg 

FeCl 2 

3.7 kg 

1,259 kj/kg 

NH 4 C1 

59.2 kg 

6,059 kj/kg 

Compressor work 

25,685 kj of electricity 

4.17 kj/kj 

Water recycling 

4,006 kj of electricity 

4.17 kj/kj 

Press work 

170,600 kj of electricity 

4.17 kj/kj 

Transportation 

32.5 kg of diesel fuel 

53,200 kj/kg 

Ethanol 

129 kg 

26,400 kj/kg 

Exergy destroyed 

402,519 kj of electricity 

4.17 kj/kj 

Water recycling 

153,258 kj of electricity 

4.17 kj/kj 

Ethanol recycling 

30,527 kj of electricity 

4.17 kj/kj 

Catalyst recycling 

349 kj of electricity 

4.17 kj/kj 

Total exergy consumed 
to produce 

1,000 kg of algal biodiesel 


8,802,864 kj 


Biodiesel produced from algal oil is combusted in a diesel engine to produce 
work. The first law efficiency of a diesel engine cycle is a function of the compres¬ 
sion ratio, r; cutoff ratio, r c ; and specific heat ratio, k (Qengel and Boles, 2007): 


n > h = 1-tzt 

r 


k{r c - 1 ) 


The exergy balance for the diesel cycle is (Sorgiiven and Ozilgen, 2010) 


eX destroyed f 0 ( $<utt 



&Qout 

Tout 


where 

q in and q out are the inlet and outlet heat transfers, respectively 
T in and T out are the corresponding boundary temperatures 

In a cyclic process, the first term in the right-hand side is zero, since thermody¬ 
namic properties at the inlet and outlet are the same. During the heat release, 
exhaust gas is ejected to the surroundings. In the following calculations, the 
boundary temperature is assumed to remain constant at the environmental 
temperature during the heat rejection process. Heat is added into the system 
due to the combustion of the biodiesel. Through the combustion process, 



340 


Biothermodynamics: Principles and Applications 


system temperature increases. If heat is assumed as a linear function of the 
temperature, then 8q,„ can be represented as 

T+dT 

8<2i„(T)= J adT 

T-dT 

where parameter a is the proportionality constant. The entropy increases due to 
the heat addition process, which occurs across a finite temperature difference, 
which becomes 



= 2aln(r c ) 


Finally, the destroyed exergy in the cycle can be represented as a function of the 
heat input, compression ratio, cutoff ratio, and specific heat ratio: 

eXdatroyed = ^r~ - 2 a In(r c ) = q in k _^ -— (r c k -fcln r c -1) 

\^out ) kr \ r c - 1 ) 

In the operating conditions for a regular diesel engine, values of the compres¬ 
sion ratio, cutoff ratio, and specific heat ratio can be approximated as r = 15, 
r c = 5, and k = 1.4. Thus, the first and the second law analyses result in (Sorgiiven 
and Ozilgen, 2010) 


r\th =0.56 


and 


destroyed 0.38 tfj n 

To produce 1000 kg of algal biodiesel, 8,802,864 kj of exergy is consumed, 
and when the produced biodiesel is burned in a diesel engine, then a work 
of 12,042,584 kj can be produced (Sorgiiven and Ozilgen, 2010). These 
results show that the algae-biodiesel-carbon dioxide cycle provides a posi¬ 
tive amount of useful work, which is (12,042,584—8,802,864) kj/l,000 kg = 
3,239 kj/kg. The renewability indicator is 0.27. This means that nearly three- 
fourth of the work potential of algal biodiesel is used for its production and 
to restore the environment. Thus, the net available work gain from this 
process is about one-fourth of the work produced by the algal biodiesel. 
The renewability indicator can be increased, if electricity from renew¬ 
able sources (e.g., hydropower) is used, or the lipid content of the algae is 
enhanced. Genetic engineering techniques may be helpful to improve this 
efficiency drastically. 
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Example 5.13: Which Processes Are Limiting the Overall Efficiency in 
Algal Biodiesel Production? EIow Can We Improve the Efficiency? 

In the previous example, the overall system is analyzed, and the renewability 
is estimated based on the inputs and outputs of the overall system. To analyze 
the process in detail and to determine the efficiency-limiting steps, each unit 
operation should be analyzed separately. This example demonstrates how to 
estimate the exergetic efficiency of each unit operation. 

The exergy balance equation for a steady process with several inlets and 
outlets can be formulated as 


CXdestroyed 


IV 

II" 


V i=i 




-w 


where 

n is the number of species in an inlet or outlet stream 
ex t is the exergy of the ith species in a mixture 

T 

sf + c„,Tn-_R„lnXi 

P ’ T 0 

aa B " entropy 


exi= exff +h°fj+c p j(T-T 0 )-T 0 

chemical enthalm 


Note that in this equation the exergy values of inlet and outlet streams are 
employed, rather than the CExC. 

The exergy balance equation shows us that exergy can be destroyed due to 

1. Mass transfer 


eXdestr, mass 






J out 


2. Heat transfer 


CXdestr, Q 



3. Work transfer 


CXdestr, 0 ~ tV 


Mixing is an irreversible process. The minimum work required for separation 
equals to ex destr mass . If we assume a second law efficiency of 70% for each separation 
process, then the results can be summarized as shown in Example Table 5.13.1. 

These results show that most of the exergy destruction (67%) occurs in the reac¬ 
tor. In the reactor, irreversibilities arise due to the uncontrolled and fast chemi¬ 
cal reactions. The second largest exergy destruction source is the holding tank, 
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EXAMPLE TABLE 5.13.1 Exergy Destruction in Each Unit Operation 



eXdestr.m.* 

(kj) 

^destr, Q 

(kj) 

eX destr, W 

(kj) 

destroyed 

(kj) 

Contribution of the 
Component in the Overall 
Exergy Destruction (%) 

Mixer 

1,426 

0 

0 

1,426 

0.75 

Reactor 

-305,063 

52,311 

380,357 

12,7605 

67.49 

Holding tank 

52,541 

853 

0 

53,394 

28.24 

Biodiesel separation 

-14,378 

0 

20,541 

6,162 

3.26 

Glycerin separation 

-1,134 

0 

1,621 

486 

0.26 

Total exergy destroyed 




189,074 



where the biodiesel and glycerin are separated. Here, exergy is mainly destroyed 
due to the change in the composition of the inlet and outlet streams. Variations 
in the inlet water temperature, operating temperature, and the compositions of 
the outlet streams may decrease the total exergy loss in this process and, hence, 
increase the second law efficiency of the unit. The mixer and the separation units 
make a small contribution to the total exergy loss. 

Note that this example demonstrates the basic principles of exergy analy¬ 
sis and the calculations are performed for a simplified theoretical plant. Only 
the main processes, which are the dominant sources of exergy destruction, are 
considered. Auxiliary utilities such as pumps, pipelines, and heat exchangers 
are not taken into account. Furthermore, in an actual plant, there will be devia¬ 
tions from the ideal operation conditions, which will cause incomplete reac¬ 
tions, side products, incomplete separation, heat losses, etc. If an actual plant is 
to be analyzed, then temperature, pressure, and chemical composition of each 

Z N 

tiieXi for inlet and outlet streams should 
be calculated based on these measurements. 


5.2.5 Improvements Based on Exergy Analysis 

It is worth to mention the effects of the algal type and its lipid content on the efficiency 
of the algal biodiesel cycle. Algae consist of nucleic acid, proteins, carbohydrates, and 
lipids in varying proportions. Lipids are extracted from the harvested algae and con¬ 
verted into algal oil. Algal oil contains unsaturated fatty acids, like arachidonic acid, 
eicosapentaenoic acid, docosahexaenoic acid, and linoleic acid. The chemical exergy of 
lipids containing these fatty acids is listed in Table 5.3. Proportional to the molecular 
size of a fatty acid, its chemical exergy increases. Lipid content of algae varies in a large 
range. For instance, the lipid content of Scenedesmus quadricauda is only 1.9% of its dry 
weight, whereas Scenedesmus dimorphus can have a lipid content of up to 40%. It is pos¬ 
sible to genetically modify algae to increase their lipid content. In order to demonstrate 
the increase in the total chemical exergy of algal oil with respect to algae’s lipid content, 
the total chemical exergy per 1 kg of algae is calculated as a function of lipid content 
(Table 5.4). The linear relationship between the lipid content and the total exergy shows 
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TABLE 5.3 Exergy Content of Lipids Found in Different Algal Species 


Lipids with Three Branches of 

Molecular Formula of 
the Fatty Acid 

Molecular Weight of 
the Lipid (kg/kmol) 

e ch (kj/kg) 

Linoleic acid 

^18^32^2 

879 

39,930 

Arachidonic acid 

C20H32O2 

921 

40,150 

Docosahexaenoic acid 

^-'22-^32^2 

1023 

40,352 

TABLE 5.4 

Exergy Content of Algal Oil per Mass of Algae 



Lipid Content of Algae 
(on Dry Matter Basis) (%) 

Total Chemical Exergy of Algal Oil 
(kj/kg Algae) 

10 

4,035 

20 

8,070 

40 

16,141 

80 

32,281 


that if the lipid content of algae could be doubled by genetic modifications, the amount 
of algal oil required to produce the same amount of work would be halved. 

5.3 Livestock 

Thermodynamic sustainability of livestock farms is considerably variable depending on 
the technology employed. Livestock farming techniques may have a large impact on the 
ecosystems, biodiversity, and human health (Gilchrist et al., 2007; Hoffman et al., 2011; 
Gerber et al., 2013). It is estimated that livestock farms contribute to about 14% of the 
world’s total greenhouse gas emission and about 64% of the total NH 3 emission (Gerber 
et al., 2013). The energy and exergy cost of livestock farms is affected by almost all the 
contributing factors of the processes such as the composition of the feed given to the 
cattle (Koknaroglu, 2008). 

Figure 5.4 shows the main inputs and outputs of a livestock farm. The production 
method and composition and amount of the feed have an impact both on the energy and 
exergy consumption in the system and on the health, growth, and weight of the animals. 
There are also a large number of studies investigating the effect of animal diet on the 
CH 4 , N, and ammonia emission (Hristov et al., 2013; Doreau et al., 2014). 

The amount of diesel fuel and electricity consumed depends mainly on the employed 
technology and amount of the irreversibilities within the farm. Careful examinations 
of the energy and exergy flow for each operation within the farm can pinpoint the inef¬ 
ficient processes and sources of losses. Producing the fuel and electricity from renewable 
resources such as solar or wind energy reduces the CEnC and CExC. 

Depending on the type of the farm, the main products include either meat or ani¬ 
mal products (such as milk and cream). During livestock farming, there results also a 
considerable amount of waste, which has the potential of creating a number of environ¬ 
mental problems, if not handled with care. Contamination of rice with antibiotics origi¬ 
nating from the urine of cattle reaching to the fields through the underground water is 
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FIGURE 5.4 Schematic representation of the animal farm with its inputs and outputs. 

reported by Hawker et al. (2013). In the past, livestock manure has caused serious water 
and air pollution problems (Cowling and Nilsson, 1995; Reda, 1996; Johnsen et al., 2001). 
Generally, 2-15 m 3 water/ton of live carcass is used in a slaughterhouse (Lattouf and 
Oliveira, 2003). 

In their review paper, Loyon et al. (2016) discussed different farming techniques and 
outlined the best available technology for livestock farming in Europe. Based on the 
applied farming techniques, energy efficiency, exergy destruction rate, and greenhouse 
gas and methane emissions will change. The following two examples demonstrate the 
thermodynamic analysis of livestock farming. 


Example 5.14: Meat Production 

Example Figure 5.14.1 summarizes the steps in meat production. The first step is 
livestock farming, where cows are fed 9.4 kg of concentrate and 3.1 kg of rough- 
age daily for 210 days (Senel, 1986; Coskun et al., 1997). An average 210-day-old 
cattle is assumed to weigh 500 kg with a body composition of 10% fat and 19.7% 
protein. We will calculate the exergy cost of producing 1 kg of beef. 

Heavy-duty trucks with a 10 ton capacity, which consumed 0.25 L/km of fuel, 
are employed to transport the cows from the dairy farm to the slaughterhouse 
for 300 km. The density of diesel oil is about 0.832 kg/L with an energy equiva¬ 
lence of 57.45 MJ/L and its carbon dioxide emission factor is 0.94 kgC0 2 /kg 
of diesel oil (Lai, 2004). Eleven cows are transported to the slaughterhouse 
per heavy-duty truck. An average slaughtering plant has a capacity to process 
400 cows per day operated for 300 days in a year. The carcasses are kept in 
a refrigerated storehouse for 24-36 h to reduce the moisture loss and meta¬ 
bolic and enzymatic activities. Then the carcasses are cut with electric saws in 
refrigerated work environments at about 12°C. The capacity of meat cutting line 
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Heat Work 


EXAMPLE FIGURE 5.14.1 Summary of the steps in meat production. 

is 15 ton/h. The energy used for grinding and freezing varies between 1.3 and 
1.8 MJ/kg meat, for storage between 5 and 25.5 MJ/kg meat, for transportation 
between 2.69 and 6.6 MJ/kg meat, and for slaughtering and cutting into pieces 
between 2.5 and 15.5 MJ/kg meat (Carlsson- Kanyama and Faist, 2000). 


Example 5.15: Milk Production 

We will calculate the exergy cost of producing 1 kg of cow milk from the annual 
energy requirements in a diary farm as summarized in Example Table 5.15.1. 
Feed and diesel are the inputs needed for the raw milk production process, 
and the by-products are calves and organic manure. The energy utilized for 
the transportation includes that consumed for the transportation of the milk 
to the laboratory for analysis and that used in the factory for processing and 
for the transportation of the feed from the manufacturer to the dairy farm. 
The energy utilization for dairy operations includes those of preparing the feed, 
feeding, inspection, veterinary care, waste removal, and milking and those of 
water and direct electric consumption. Each cow gives birth to one calf with an 
average mass of 40 kg during this period (Koknaroglu, 2010). 


EXAMPLE TABLE 5.15.1 Annual Energy 
Utilization and Milk Yield in a Dairy Farm 


Feed 

13,596 MJ/cow 

Dairy operations 

2,322 MJ/cow 

Transportation 

1,035 MJ/cow 

Machinery 

1,017 MJ/cow 

Average lactation 

4,498.6 kg milk/cow 


Source: Adapted from Table 1 of Sorgiiven, E. and 
Ozilgen, M., Energy, 40, 214, 2012. 
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EXAMPLE TABLE 5.15.2 Calculation of the Exergy of the Inputs (Feed) and the 
Outputs (Raw Milk) of the Raw Milk Production Process 



Flow Rate 

Chemical Exergy 

Total Exergy (MJ) 

Inputs 




Concentrate 

0.478 kg 

18.7 MJ/kg 

8.937 

Roughage 

0.493 kg 

18.7 MJ/kg 

9.225 

Green chopped forage 

0.106 kg 

18.7 MJ/kg 

1.987 

Diesel oil 

0.389 MJ 

44.4 MJ/kg 

17.268 

Electricity 

0.292 MJ 

1.0 MJ/MJ 

0.292 

Natural gas 

0.292 MJ 

42.7 MJ/kg 

12.455 

Inputs total 



50.164 

Raw milk ingredients (main 

output) 



Protein 

0.033 kg 

25.35 MJ/kg 

0.837 

Fat 

0.036 kg 

37.14 MJ/kg 

1.337 

Carbohydrate 

0.047 kg 

17.49 MJ/kg 

0.822 

Water 

0.884 kg 

0.04 MJ/kg 

0.038 

Raw milk total 

1.000 kg 


3.034 


EXAMPLE TABLE 5.15.3 

Organic Manure 

Calculation of the Chemical Exergy of the 


Composition 

Chemical Exergy (MJ/kg) 

Hemicellulose 

0.209 

16.56 

Cellulose 

0.249 

18.54 

Lignin 

0.129 

25.00 

Protein 

0.119 

25.35 

Water 

0.294 

0.04 

Organic manure 


14.34 

Source: Adapted from Table A1 of Sorgiiven, E. and Ozilgen, M., Energy, 40, 


214, 2012. 


The results show that 50.164 MJ of exergy is consumed to produce 1 kg of raw 
milk, which has a chemical exergy of 3.034 MJ (Example Table 5.15.2). 

Note that one of the side products of this process is the organic manure. 
Assuming that organic manure is composed of hemicellulose, cellulose, 
lignin, protein, and water, its chemical exergy can be calculated as the sum 
of chemical exergies of the components, which is 14.34 MJ/kg (Example 
Table 5.15.3). 

Cows produce 0.069 kg of organic manure per kg of raw milk. This means 
that during the production of 1 kg of raw milk, the side product organic manure 
carries 0.99 MJ of exergy out of the system. 
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Example 5.16: Egg Production 

In Example Table 5.16.1, energy utilization data for the production of eggs 
by caged chicken are adapted from Wiedemann and McGahan (2011) and 
the data for the production of the eggcups are adapted from Table 3 of 
Zabaniotou and Kassidi (2003). The eggcup packages are made of recycled 
paper by using natural gas. An average egg weighs 60 g; six eggs are put in a 
12 cm x 18 cm x 6 cm eggcup, and 120 eggcups are placed in a 50 cm x 56 cm 
x 62 cm carton. The energy cost of palletizing is negligible when compared 
to those of the production of eggs and packaging in the eggcups and cartons 
(Example Figure 5.16.1). 


EXAMPLE TABLE 5.16.1 Energy Utilization for Packaged Egg Production 

Energy Utilization (MJ/Eggs) 



Natural Gas 

Electric Power 

Diesel 

Egg production 

4,280 

2140 

4,280 

Eggcups 

13,779 

158 

7,333 

Cardboard box production 

51 

6 

- 

Total 

18,110 

2304 

11,613 


Electricity 



EXAMPLE FIGURE 5.16.1 Process flow diagram of the packaged egg production 
process. 
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5.4 Food Processing 

Processing of each food may differ substantially from the others; the same food may also 
be processed through numerous steps. We will discuss the thermodynamic aspects of 
food processing with a few specific examples. The specific cumulative energy utilization 
(CEnC), specific cumulative exergy utilization (CExC), and the specific CC0 2 E values 
for some of the inputs of the food industry are given in Table 5.5. We will discuss the 


TABLE 5.5 Cumulative Energy Consumption, Cumulative Exergy Consumption, and 
Cumulative Carbon Dioxide Emission Values for the Inputs of the Food Industry 



Specific CEnC 

Specific CExC 

Specific CC0 2 E 

Animal feed 

2.8 MJ/kg (Koknaroglu, 

2010) 

18.7 MJ/kg (Jorgensen 
et al., 2005) 

0.23 kg/kg 1 

Diesel 

57.5 MJ/kg (Banaeian et al„ 
2011) 

53.2 MJ/kg (Szargut et al., 
1988) 

0.94 kg/kg (Lai, 2004) 

Natural gas 

50.0 MJ/kg (Szargut et al„ 
1988) 

48.7 MJ/kg (Szargut 
et al., 1988) 

0.06 kg/MJ (PAS, 2008) 

Electricity 

1.0 kj/kj (Szargut et al„ 1988) 

4.17 kj/kj (Szargut et al., 
1988) 

0.14 kg/MJ (PAS, 2008) 

LDPE 

48 MJ/kg (Saygin et al., 2009) 

46.5 (Dewulf and van 
Langenhove, 2004) 

2.1 (http://eco2gobox. 
com/pdfs/EC02GO_ 
Report_FINAL.pdf) 

HDPE 

3.2 MJ/kg (Gielen and Tom, 
2010) 

86.0 MJ/kg (Dewulf and 
van Langenhove, 2004) 

0.45 kg/kg b 

PP 

1.8 MJ/kg (Gielen, 2010) 

85.2 MJ/kg (Dewulf and 
van Langenhove, 2004) 

0.25 kg/kg b 

PS 

0.9 MJ/kg (Gielen, 2010) 

91.9 MJ/kg (Dewulf and 
van Langenhove, 2004) 

0.12 kg/kg b 

PLA 

54.0 MJ/kg (Vink et al., 

2003) 

78.0 MJ/kg based on the 
data given by de Swaan 
Arons et al. (2004) 

1.8 kg/kg (Vink et al., 
2003) 

PVC 

57 (Gielen, 2010) 

19.7 MJ/kg (Dewulf and 
van Langenhove, 2004) 

1.8 kg/kg (http://www. 
pvc4pipes.com/ 
sustainability/lei- data) 

Corrugated 

43.3 (calculated based on the 

16.5 MJ/kg (Lattouf and 

1.17 kg/kg (calculated 

board 

data from Chow et al., 

2005) 

Oliveira, 2003) 

based on the data from 
Chow et al., 2005) 

PET 

83.8 MJ/kg (http://www. 
smart-ecofilms.com/index. 
php?nav_id=7&unav_id=7) 

86.8 MJ/kg (Dewulf and 
van Langenhove, 2004) 

2.33 kg/kg (Kirsen, 

2008) 

Organic 

manure 

0.35 MJ/kg 

5.33 MJ/kg 

0.0462 kg/kg 


a Calculated assuming that 45% of the energy for the feed production comes from electricity, 30% from 
diesel oil, and 25% from natural gas. 

b Calculated assuming that only electrical energy is used for this process. 
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energy utilization in food processing in Example E5.17, energy and exergy utilization in 
Example 5.18, and energy savings in Example E5.19 and the impact of packaging materi¬ 
als on the environment in Example 5.20. 


Example 5.17: Energy Utilization in Wine and Brandy Making 

A schematic flow diagram of wine and brandy production process is described 
in Example Figure 5.17.1 and the energy utilization for the production of each 
input or in each production stage of wine and brandy is described in Example 
Tables 5.17.1 and 5.18.1 (adapted from Ozilgen, submitted). 

Wine bottle caps were made of 5 g of high-density polyethylene (HDPE). Each 
six-bottle beer package was wrapped with 0.22 m 2 HDPE (thickness 0.5 mm) 
after placing 0.07 m 2 of cardboard to the bottom. The pallets had a size of 120 cm 
x 100 cm; five layers of packages are placed on each pallet; there were 32 packages 


Agrochemicals 



EXAMPLE FIGURE 5.17.1 Schematic description of the wine and brandy pro 
duction processes. 
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EXAMPLE TABLE 5.17.1 Energy Utilization during Production 
of Wine 


MJ/Ton 


Agriculture of the grapes Wine 

Chemical fertilizers 1,722 

Agrochemicals 150 

Diesel oil 2,426 

Electricity 6,656 

Agriculture total 10,954 

Wine making 

Agriculture of the grapes (3.28 tons of grapes is needed to 35,929 

produce 1 ton of wine) 

Transportation of 3.28 tons of grapes for 50 km 449 

Wine making; energy utilization for fork trucks, sterilizing and 1,458 


cleaning, heating, cooling ventilation, bottling (including 
compressor and disgorging, pumping, filtration and mixing, 
and grape processing [3.5 kJ/L wine, 30% N, 70% E, p wine = 
0.975 kg/L]) 

Packaging and transportation 


Bottle making 5,342 

Filling the bottles with Shanghai Jiadi (model BR1-UHT- 9 

CH-1SJ, China) filling machine, 2500 bottles/h, 4.5 kW 
Labeling 3 

Paper for labels 6 

HDPE caps 21 

Cardboard 847 

Box making and printing with Shanghai Liu Xiang (China) 43 

carton maker, 250 cartons/min, 135 kj/s (including dryer) 

HDPE for palletizing 36 

Palletizing with Dalian Jialin (model JT-1200, China) 36 

palletizing machine, 20 cartons/min, 9 kW 
Transportation of the wine to the market in refrigerated trucks 164 

for 100 km 

Wine total 44,373 


Sources: Data for the agriculture of the grapes adapted from Ozkan, B. et al., 
Energy, 32, 1500, 2007; data for a winery producing 10,000-50,000 bottles of 
wine/year adapted from Smyth, M. and Nesbitt, A., Energy Sustain. Dev., 23,85, 
Figure 9, 2014. 

Note: 3.28 tons of grapes are needed to produce 1 ton of wine. 


in each layer. There was one layer of cardboard at the top and the bottom of each 
layer; the pallet is wrapped with HDPE. Nine bottles of wine are placed in a 34 
cm x 25 cm x 25 cm carton, and then six layers of cartons were placed on a pallet; 
there are 16 cartons in one layer. 
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EXAMPLE TABLE 5.17.2 Energy Utilization during Production of Brandy 

MJ/Ton Brandy 


Agriculture of grapes plus wine making (7 tons of wine after deducting 265,062 

the energy utilized for packaging and marketing is used to produce 
1 ton of brandy) 

Transportation of the grapes to the winery 3,143 

Distillation (adapted from Cortella and Da Porto, 2003) 1,066 

Undiluted brandy total 269,271 

Mixing 1000 L of ingredients for 10 min in Shanghai Jiadi mixer 6 

(model JDGH-1000, China), 11 kW (springwater is used for bringing 
the alcohol content to 40%, at no energy cost) 

Unpackaged brandy total 107,711 

Packaging 

Same type of packaging being used with wine 6,343 

Transportation of the brandy to the market 122 

Brandy total 114,176 


As we see from Example Tables 5.17.1 and 5.17.2 brandy production requires 
2.25-fold energy to that of wine. 


Example 5.18: Energy and Exergy Utilization and Carbon 
Dioxide Production during Olive Oil Production Process 

Let us analyze the agriculture of soybean, sunflower, and olive oil. Globally, 
220.9 million tons of soybean oil (56% of production), 9.0 million tons of sun¬ 
flower oil (7% of production), and 2.9 million tons of olive oil (less than 1% 
of production) were produced in 2008 (Ozilgen and Sorgiiven, 2011). In addi¬ 
tion to their role in nutrition, soybean and sunflower oils are raw materials 
for biodiesel production. Olive oil is a delicacy and healthy food. Each of these 
vegetable oil production processes involves both biochemical and mechanical 
processes (Example Table 5.18.1). 

In the farm, the renewable input is solar power, and the nonrenewable 
inputs involve chemical fertilizers, agrochemicals (insecticides, herbi¬ 
cides, and fungicides), irrigation water, diesel, and electric power (Example 
Figure 5.18.1). The mechanical processes begin with the transportation of the 
harvested vegetable from the farm to the factory. In the factory, the common 
steps in the vegetable oil production are cleaning, grinding, and pressing; 
separation, refining, and packaging of the oil; and bottling, boxing, pallet¬ 
izing, and shrink-wrapping of the final product (Example Figure 5.18.2 and 
Example Tables 5.18.2 and 5.18.3). 



EXAMPLE TABLE 5.18.1 Energy and Exergy Consumption and C0 2 Emission associated with Olive Oil Production Process 


Processing Step and Equipment Details 

Capacity (Ton of 
Olives/h) 

Energy 

Consumption 

(MJ/h) 

Energy Utilization for 
Processing 1 Ton of 
Olives (MJ/Ton) 

CExC for 

Processing 1 Ton of 
Olives (MJ/Ton) 

C0 2 Emission during 
Processing 1 Ton of 
Olives (kg/Ton) 

Agriculture 



8,533.2 

7,904.7 

164.9 

Olive carrier conveyor (Polat Machinery, 

6 

Motor—4.0 

0.7 

2.9 

0.1 

Turkey) 



Aspirator—10.9 

1.8 

7.5 

0.3 

Olive washing unit (Polat Machinery, 

6 

3.6 

0.6 

2.5 

0.1 

Turkey) 

Olive feeding screw conveyor (Siemens) 

4 

5.4 

1.4 

5.8 

0.2 

Crushing machine (PMS 370-Polat 

3 

69.3 

23.1 

96.3 

3.2 

Machinery, Turkey) 

Modular mixing (Q4 100L 4A, Siemens) 

0.3 

23.8 

79.2 

330.3 

11.1 

Oil press machine (Anyang GEMCO 

0.3 

39.6 

132 

550.4 

18.5 

Energy Machinery, China; Model 

YZS-120) 

Decanter (centrifugation) (PX 40-Polat 

5 

69.9 

14.0 

58.4 

2.0 

Machinery, Turkey) 

Pumping ( Siemens , inventor) 

4 

7.9 

2.0 

8.3 

0.3 

Screw conveying (PD-22-Polat Machinery, 

3 

5.4 

1.8 

7.5 

0.3 

Turkey) 

Separating (PMS 405-Polat Machinery) 

2 

19.8 

9.9 

41.3 

1.4 

Oil pumping (Polat Machinery, Turkey) 

2 tons of olive oil/h 

5.4 

0.7 

2.9 

0.1 

( Continued ) 
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EXAMPLE TABLE 5.18.1 ( Continued ) Energy and Exergy Consumption and C0 2 Emission associated with Olive Oil Production Process 


Processing Step and Equipment Details 

Capacity (Ton of 
Olives/h) 

Energy 

Consumption 

(MJ/h) 

Energy Utilization for 
Processing 1 Ton of 
Olives (MJ/Ton) 

CExC for 

Processing 1 Ton of 
Olives (MJ/Ton) 

C0 2 Emission during 
Processing 1 Ton of 
Olives (kg/Ton) 

Heat exchanger system (PMS DB 80 Polat 

3 tons of olive oil/h 

6.5 

0.5 

2.1 

0 

Machinery, Turkey) 






Olive oil filling machine (Jiangsu, Model 

1000 bottles/h 

11.2 

1.4 

5.8 

0.2 

ZP 7, China) 






Bottle pasteurizer (Zhangjiagang City 

Steam (P = 0.6 MPa) 


470 

458.2 

28.2 

Nanxin Technology, China) 

consumption rate, 






600 kg/h 





Labeler (Shanghai Peiyu Machinery, Ltd, 

5,000-30,000 bottles/h 

24 

0.1 

0.4 

0.0 

China; Model SPC-SORL-TL) 






Packaging 



535.5 

1,076.5 

31.9 

Transportation of olive oil to 550 km 



222.1 

206.6 

3.0 

Waste management 

Batch process 


-1.4 

-5.8 

57.3 


Continuous process 


-2.8 

-11.7 

114.4 

Total 



10,028.6 

10,762.6 

323.1 
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(Biochemical (Mechanical 

processes) processes) 


Market 


EXAMPLE FIGURE 5.18.1 Flow chart of the olive agriculture. Chemical fertil¬ 
izers, water for irrigation, chemical pesticides, and diesel (including utilization for 
machine work) are the inputs of the processes. 


Transportation from the 
field to the factory 


I 


Conveying 

i 


Water 


Cleaning 

~r~ 


Grinding 


Decantation 




Oil 


Mixing 

~r~ 


■ Water 


Pressing 

~r~ 


Extraction and phase separation 


I 


Refining 

zz 


Bottling 


T 


Labeling/Cartooning/Palletizing 


Pasteurization 

1 


Transportation to market 


EXAMPLE FIGURE 5.18.2 Common steps of olive oil production processes. 
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EXAMPLE TABLE 5.18.2 Energy and Exergy Consumption and C0 2 Emission 
associated with Production of Olive Oil Packaging Materials 


Packaging Material 

Energy Utilization 
for Packaging Oil 
from 1 Ton of Olives 
(MJ/Ton) 

CExC for 
Packaging Oil 
from 1 Ton of 
Olives (MJ/Ton) 

C0 2 Emission during 
Packaging Oil from 

1 Ton of Olives (kg/Ton) 

Polylactic acid for 

371.3 

538.1 

12.4 

making bottles 

Paper labels for bottles 

49.9 

55.7 

5.0 

Cardboard for bottles 

8.6 

74.3 

1.1 

Stretch film for 

11.9 

17.2 

0.4 

secondary packaging 

Total 

441.7 

685.3 

18.9 


EXAMPLE TABLE 5.18.3 Energy and Exergy Consumption and CO z Emission 
associated with Primary and Secondary Packaging of Olive Oil 





Energy 
Utilization for 

CExC for 

C0 2 Emission 




Processing 

Processing 

during 

Processing Step 

Capacity 

Energy 

1 Ton of 

1 Ton of 

Processing 

and Equipment 

(Ton of 

Consumption 

Olives 

Olives 

1 Ton of Olives 

Details 

Olives/h) 

(MJ/h) 

(MJ/Ton) 

(MJ/Ton) 

(kg/Ton) 

Packaging material 



441.7 

685.3 

18.9 

Carton printing 

— 

— 

27.0 

112.6 

3.6 

and box making 
machine 






(Shanghai Liu 
Xiang, China) 






Carton filling 
(Shanghai Peifeng 
Electronics Co., 

15 box/min 

36 

33.4 

139.3 

4.7 

Ltd., China) 
Palletizing (Dalian 

15-30 

36 

33.4 

139.3 

4.7 

Jialin Machine 

cartons/ 





Manufacture Co., 
Ltd., China) 

min 





Total 



535.5 

1076.5 

31.9 


In the food industry, studies on energy efficiency began in the late 1970s, substantial 
improvement was achieved over the years, and the efficiency approached to the theo¬ 
retical maximum in some sectors, including chemical fertilizer production (Kongshaug, 
1998; Anundskas, 2000). The energy efficiency was improving by about 1% every year 
in the Dutch food industry in the early 2000s (Ramirez et al., 2006a). The ratio of the 
energy utilization in the Taiwanese food industry to the gross domestic production of 
the country showed a continuous decline from 2006 to 2010 (Ma et ah, 2012). It is esti¬ 
mated that about 5%—15% of the energy utilized at each step of food processing is still 
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being wasted (Klemes et al., 2008). Rigorous studies are being done in the food industry 
to enumerate the energy utilization (Masanet et al., 2008; Khan et al., 2009; Canning 
et al., 2010; Therkelsen et al., 2014). 

Energy input directly for the production of the food itself offers the largest poten¬ 
tial for savings. Technological progress required for higher energy efficiencies goes 
beyond the suggestions by Masanet et al. (2012) and implies fundamental changes 
like drying the foods in modern solar facilities, as reviewed by Sharma et al. (2009), 
instead of relying on the natural gas. In 1998,1.2% of the world’s energy demand and 
approximately 1.2% of the total greenhouse gas emissions were associated with fer¬ 
tilizer production; fortunately, energy consumption for chemical fertilizer produc¬ 
tion is decreasing over the years and approaching to the theoretical minimum in 
modern factories, for example, 40 MJ/kg of nitrogenous fertilizer (Kongshaug, 1998; 
Anundskas, 2000). Providing the chemical fertilizers from energy-efficient chemical 
plants may help to reduce energy utilization. Chemical fertilizer use in agriculture is 
generally not based on soil analysis and is much more than the actual need (Esengun 
et al., 2007). Introducing some microorganisms to the soil may stimulate nitrogen fix¬ 
ation, solubilize the insoluble minerals, and reduce the need to produce and transport 
large amounts of chemical fertilizers (Aslantas et al., 2007). Fertilizer management 
practices may reduce energy utilization up to 72%; consequently, herbicide utiliza¬ 
tion and pollution also decrease (Clements et al., 1995; Hiilsbergen et al., 2001; Snyder 
et al., 2009; Ren et al., 2010). Pishgar-Komleh et al. (2012) argue that energy efficiency 
during agriculture of the potatoes varies with the farm size. Since traveling between 
the small fields to carry the equipment and the people may be among the reasons for 
the lower energy efficiency, the same trend may also be valid during agriculture of the 
other commodities; therefore, employing the optimum-size fields may help to reduce 
the energy expenditure and subsequent carbon dioxide emissions. Energy efficiency is 
also reported to be lower in small breweries (Sturm et al., 2013), since small enterprises 
may not be willing to take the risk of investing for a newer and more efficient technol¬ 
ogy. Lower energy efficiency is also reported in smaller dairies, when compared to the 
larger ones (Xu and Flapper, 2009). 

Only the light that is in the wavelength range of 400-700 nm (which constitutes about 
45% of the total solar energy) may be used in photosynthesis. About 25% of the referred 
45% may be absorbed by the plants; the rest is lost by various reasons including reflec¬ 
tion. Receiving nonoptimal levels of radiation reduces the efficiency of photosynthesis 
further; therefore, only 3%-6% of total solar radiation may be used in photosynthesis 
(Miyamato, 1997). Ways to increase the photosynthetic efficiency of the plants is being 
actively researched to improve their yields, including those of the grain crops (Long 
et al., 2006). Kaltsas et al. (2007) reported use of insect traps instead of pesticides dur¬ 
ing cultivation of organic olives. Improving the efficiency of these traps and extend¬ 
ing their use to other crops may reduce the environmental impact and energy cost of 
agrochemicals. Technological advancement of the same proportion as achieved in the 
farmland should be achieved in the factories too to make our food more environmen¬ 
tally friendly. The recent publications by Xu and Flapper (2011), Wu et al. (2013), and 
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Rodriguez-Gonzales et al. (2015) offer serious recommendations regarding substitution 
of the less-energy-efficient process steps with the more-energy-efficient ones and maybe 
regarded as among the major publications pointing the direction to the food industry 
toward increasing the energy efficiency and decreasing the subsequent environmental 
pollution caused by energy utilization. 

There are numerous studies reporting savings in energy utilization by making changes 
in packaging or the design of the processes by replacing some sets of equipment with the 
less-energy-demanding ones. Galitsky et al. (2003) commented that up to 44 MJ/barrel, 
corresponding to 220 MJ/ton beer of energy savings, may be achieved in the individual 
steps of brewing. Barley malt, a key ingredient in beer, is produced in three steps. First, it 
is immersed and drained in water for 40 h, to increase its water content, allowing kernels 
to germinate for 4-6 days, and then the kernels are dried from 85% to 4% moisture con¬ 
tent (Kribs and Spolek, 1997), which requires thermal energy of 3.9 MJ per kg of dried 
malt (Bala, 1984). Kribs and Spolek (1997) developed a drying schedule and reduced the 
energy requirement by about 20%. 

Data presented by De Monte et al. (2005) while discussing the mass-energy balance 
with respect to the various processes involved in coffee packaging imply that packag¬ 
ing of coffee when marketed in 3 kg white latten cans requires an electric power input 
of 345 MJ per ton of coffee for the production of the can plus packaging. When the 
same product is marketed in 125 g white latten cans, 2,894 MJ per ton of coffee plus 
233 MJ per ton of coffee of energy from natural gas and electric power, respectively, 
are used with the same purpose, implying that nine times more energy is utilized with 
the smaller-size containers. In Example 5.19, energy savings in orange juice produc¬ 
tion process is reported when we use different technologies. Example 5.20 describes a 
different case; by using four different packaging materials, we end up with the same 
CEnC, CExC, and CC0 2 E values, and in this case the decision is based on the envi¬ 
ronmental concern. 

Recycling or eliminating the waste of the food plants is a challenge for the food 
industry. Active research is being carried out to achieve this purpose. Musee et al. 
(2007) presented 90 strategies for minimization of the winery waste. Composting 
appears to be a feasible way for recycling the solid winery waste. Ruggieri et al. (2012) 
reported that energy expenditure for carrying the waste with tractors with this pur¬ 
pose was actually less than that of the savings from the chemical fertilizers. The same 
procedure may be applied also with some other agricultural waste. Dong et al. (2015) 
constructed a microbial fuel cell, where brewery wastewater was treated on energy 
self-sufficient way. 


Example 5.19: Energy Savings in Concentrated Orange Juice 
Production Process 

Example Table 5.19.1 describes energy utilization during production of orange 
juice with pasteurization (Case 1) and then 4.7-fold concentration in a multiple- 
effect evaporator system (Case 2), 4.7-fold concentration in a multiple-effect 
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EXAMPLE TABLE 5.19.1 Energy Utilization during Production of Concentrated Orange Juice 


Energy 

Utilization MJ/ 

Agriculture of the Oranges (Adapted from Ozkan et al., 2004) Ton of Oranges 

Chemical fertilizers and manure 244 

Agrochemicals 67 

Diesel oil 402 

Electricity 1 

Agriculture total 2,091 

Orange Juice Production Processes MJ/ton orange 

juice 

Case 1 — single-strength pasteurized orange juice 

Agriculture of the fruit (1 ton of juice is produced from 3.1 tons of oranges; 6,482 

density of the juice, 1.014 kg/m 3 ) 

Transportation of the oranges from orchards to factory for 100 km 426 

Processing of the juice, 1,239 MJ/ton (adapted from Waheed et al., 2008 after 1,232 

excluding packaging) 

Energy utilization for the packaging (same as that of milk; adapted from Table 3 2,697 

of Williams and Wikstrom, 2011) 

Distribution of the packed product by traveling for 500 km in refrigerated trucks 164 

Pasteurized single-strength packaged orange juice total 10,997 

Case 2 — 4.7-fold concentration in a multiple-effect evaporator system 

Agriculture of the fruit (1 ton of juice is produced from 3.1 tons of oranges and 31,365 

concentrated 4.7 times, having a density of the concentrated juice of 1.066 kg/m 3 ) 

Transportation of the oranges from orchards to factory for 100 km 2,002 

Concentration (adapted from Gul and Harasek, 2012) 335 

Energy utilization for the packaging (same as that of milk; adapted from Table 3 2,697 

of Williams and Wikstrom, 2011) 

Freezing of the product in tunnel freezer (GEA technologies, model SMA-4), 1,519 

500 kg/h, power 211 kW 

Distribution of the packed product by traveling for 100 km in refrigerated trucks 164 

Total 38,082 

Reconstituted (4.7 times diluted) juice 8,103 

Case 3 — 4.7-fold concentration in a multiple-effect evaporator system in combination 
with a membrane system 

Agriculture of the fruit (1 ton of juice is produced from 3.1 tons of oranges and 31,365 

concentrated 4.7 times, having a density of the concentrated juice of 1.066 kg/m 3 ) 

Transportation of the oranges from orchards to factory for 100 km 2,002 

Concentration (adapted from Gul and Harasek, 2012) 54 

Energy utilization for the packaging (same as that of milk; adapted from Table 3 2,697 

of Williams and Wikstrom, 2011) 

Freezing of the product in tunnel freezer (GEA technologies, model SMA-4), 1,519 

500 kg/h, power 211 kW 


( Continued ) 
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EXAMPLE TABLE 5.19.1 ( Continued ) Energy Utilization during Production of Concentrated 


Orange Juice 

Energy 

Utilization MJ/ 

Agriculture of the Oranges (Adapted from Ozkan et al., 2004) Ton of Oranges 

Distribution of the packed product by traveling for 100 km in refrigerated trucks 164 

Total 37,801 

Reconstituted (4.7 times diluted) juice 8,043 

Case 4 — 4.7-fold concentration with freeze concentration 

Agriculture of the fruit (1 ton of juice is produced from 3.1 tons of oranges and 31,365 

concentrated 4.7 times, having a density of the concentrated juice of 1.066 kg/m 3 ) 

Transportation of the oranges from orchards to factory for 100 km 2,002 

Processing of the juice, 1,239 MJ/ton (adapted from Waheed et al., 2008, after 5,790 

excluding packaging) 

3,700 kg of water being removed to produce 1 ton of concentrate (freeze 1,332 


concentration of the orange juice is achieved with the HybridICE' technology, 
with energy utilization of 100 kW h/m 3 of ice removed; adapted from 
Zvinowanda et al., 2014) 


Energy utilization for the packaging (same as that of milk; adapted from Table 3 2,697 

of Williams and Wikstrom, 2011) 

Distribution of the packed product by traveling for 100 km in refrigerated trucks 164 

Total 43,350 

Reconstituted (4.7 times diluted) juice 9,223 


evaporator system in combination with a membrane system (Case 3), and 
4.7-fold concentration with freeze concentration (Case 4). Calculations have 
shown that among all of these alternatives, Case 3 requires the lowest energy 
utilization. 


Example 5.20: Energy and Exergy Utilization and Carbon Dioxide Emission 
when Different Materials Are Used for Packaging Flavored Yogurt 

Sorgiiven and Ozilgen (2012) calculated the values of the CEnC, CExC, and 
the CC0 2 E for the flavored yogurt production process. It is possible to market 
the yogurt in HDPE, polypropylene (PP), polystyrene (PS), and PLA packag¬ 
ing materials. Example Table 5.20.1 presents the values of the thermodynamic 
parameters CEnC, CExC, and CC0 2 E for the packaged product in each case. 

Example Table 5.20.1 gives almost the same CEnC, CExC, and CCO,E values 
for the packaged flavored yogurt. Since PLA is biodegradable, it may be the 
preferred packaging material. 
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EXAMPLE TABLE 5.20.1 Energy and Exergy Consumed and CO, Emitted to 
Produce 1 Ton of Strawberry-Flavored Yogurt 


CEnC (MJ/ CExC (MJ/ CC0 2 E (kg C0 2 / 
Ton Flavored Ton Flavored Ton Flavored 
Energy Utilization for Yogurt) Yogurt) Yogurt) 


Unpackaged flavored yogurt 

28,836.9 

75,616.5 

1229.5 

production 

Primary packaging HDPE 

19.2 

516.0 

2.7 

PP 

10.8 

511.2 

1.5 

PS 

5.4 

551.4 

0.8 

PLA 

324.0 

468.0 

45.4 

Container making and filling 

1,851.4 

7,720.3 

259.2 

machinery 

Waste transport 

32.4 

30.0 

0.4 

Storage 

5.4 

22.5 

0.8 

Transport to store 

636.2 

589.1 

8.9 

Retail air conditioning 

5.4 

22.5 

0.8 

Total (flavored yogurt packaged in 

31,387 

84,517 

1503 

HDPE containers) 

Total (flavored yogurt packaged in 

31,692 

84,469 

1545 

PLA containers) 

Total (flavored yogurt packaged in 

31,379 

84,512 

1502 

PP containers) 

Total (flavored yogurt packaged in 

31,373 

84,552 

1501 

PS containers) 

Source: Adapted from Sorguven, E. and Ozilgen 

i, M., Energy, 40, 214, 2012. 




Nomenclature 


In general, the following characters are employed to mean the following properties 
throughout the text; some characters that are used only once or twice are defined at the 
same place as they are used. 

c Concentration (kg/m 3 or mol/m 3 ) 

CDP Cumulative degree of perfection 

CEC0 2 Cumulative emission of C0 2 (kg/kg) 

CEnC Cumulative consumption of energy (J/kg) 

CExC Cumulative consumption of exergy (J/kg) 
c p Specific heat determined under constant pressure (J/kg °C) 

c v Specific heat determined under constant volume (J/kg °C) 

e Specific energy (J/kg) 

E Energy (J) 

e k Specific kinetic energy (J/kg) 

E k Kinetic energy (J) 

e p Specific potential energy (J/kg) 

E p Potential energy (J) 

ex Specific exergy (J/kg) 

ex ch Specific chemical exergy (J/kg) 

e x element Specific chemical exergy of an element (J/kg) 

ex th Specific thermomechanical exergy (J/kg) 

Ex Exergy (J) 

F Force (N) 

F d Drag force (N) 

g Specific Gibbs free energy (J/kg K) 

G Gibbs free energy (J/kg K) 

g a Gravitational acceleration (9.81 m/s 2 ) 

gt Specific Gibbs free energy of formation (J/kg K) 

h Specific enthalpy (J/kg K) 

El Enthalpy (J/kg K) 

Height (m) 

h p Specific enthalpy of formation (J/kg K) 
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Nomenclature 


n t Number of moles of the ith compound in a mixture 

LHV Lower heating value (J/mol) 

N a 6.02 x lO" 23 (1/mol) 

p Pressure (Pa) 

p c Critical pressure (Pa) 

p r Reduced pressure 

q Heat per unit mass (J/kg) 

Q Heat (J) 

q c Charge (C) 

r Radius (m) 

R Gas constant (8.314 J/mol K) 

s Specific entropy (J/kg K) 

S Entropy (J/kg K) 

Sf Specific entropy of formation (J/kg K) 

t Time (s, min, or h) 

T Temperature (°C or K) 

T c Critical temperature (K) 

T r Reduced temperature 

u Specific internal energy (m 3 /kg) 

U Internal energy (m 3 /kg) 

v Specific volume (m 3 /kg) 

V Volume (m 3 /kg) 

V e Electric potential difference (J/C) 

w Work per unit mass (J/m) 

W Work (J) 

y t Mole fraction of the ith compound in the gas or vapor phase of a mixture 

x t Mole fraction of the ith compound in a mixture 

Wj Mass fraction of the ith compound in a mixture 

z Compressibility factor 

0 Angle of rotation (radians) 

p Chemical potential (J/kg mol K) 

q Efficiency 

p Density (kg/m 3 ) 

o Surface tension (J/m 2 ) 

x Torque (N m) 

o Velocity (m/s) 
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cellular metabolism, 64 
enthalpy of metabolites, 65 
lipid metabolism, 65 
metabolic heat, 65 
runner energy requirement 

carbon dioxide production vs. speed, 67 
food vs. speed, 66 
MATLAB code, 68-70 
oxygen consumption vs. speed, 66 
urea production vs. speed, 67 
schematic description, 64 
Mass balance, 46 

Mechanical cycle, heat engines, 146-147 
Muscle work calculation, 24-26 

N 

Neisseria meningitidis 
cultivation 

antigen and ATP production, 260 
biomass, substrate, and product 
variation, 263 

complex reaction chain, 259 
energy and exergy balances, 264-266 
entropy generation, 266-270 
glucose consumption rate, 260 



398 


Index 


group contribution method, 263 
heat release and exergy destruction, 
266-267 

kinetic model, 260-262 
Kopp’s rule, specific heats, 263 
molecular weight and thermodynamic 
data, 263 

molecular weight of 

n-acetylneuraminic acid, 259 
numerical values of constants, 260-261 
serogroup C antigen, 112-116 

o 

Oleic acid, 15 

P 

Pendulum-like model of movement, 28 

Pendulum work, 201-204 

Potential energy ( e p ), 1 

Process of hearing, work done in ear, 48-50 

Provisional work, 201-204 

R 

Rankine cycles 

actual Rankine cycle, 160-164 
boiler, 148 
condenser, 148 

energy, entropy, and exergy balances, 
149-150 

energy flow diagram, 151 
enthalpy vs. entropy diagram, 155-156 
fossil fuel-fired power plant, 159-160 
geothermal resources, 149 
heat reservoir, 149 

high-temperature heat reservoir, 148 
irreversibilities 

energy, entropy, and exergy flow, 166 
entropy balances, 165 
entropy generation, 165-166 
external losses, 164 
heat transfer processes, 165 
internal losses, 164 
reversible heat transfer, 166 
low-temperature heat reservoir, 148 
pump, 147 

schematic drawing, 147-148 
temperature vs. entropy diagrams, 152-153 
thermal efficiency, 151 


thermal power plant efficiency 
enthalpy change, 155 
heat and work transfer, 154-155 
improvement, 156-159 
incompressible substances, 155 
thermal efficiency, 155 
T-s diagram, 153-154 
thermodynamic properties, 150,152 
turbine, 148 

Renewability assessment 

biodiesel production from microalgae 
algae-biodiesel-carbon dioxide 
cycle, 340 

destroyed exergy, 339-340 
efficiency improvement, 341-342 
exergy balance, 339 
exergy consumption, 337, 339 
first law efficiency of diesel engine 
cycle, 339 

genetic engineering techniques, 340 
mass, energy, and exergy analyses, 337 
overall system, 337-338 
photosynthesis, 337 
recycling process, 337 
carbon dioxide, 336 
chemical composition of water, 336 
CNEx, 336-337 
hydrosphere, lithosphere, and 
atmosphere, 336 
renewability indicator, 337 
renewable energy source, exergy, 

335-336 

restoration work, 336 

s 

Saccharomyces cerevisiae 

enthalpy of combustion, 102 
enthalpy of formation, 102-104 
Gibbs free energy of formation, 104-105 
third law of thermodynamics, 102 
UCF, 101-102 

Second law of thermodynamics, 167 
helium, entropy estimation, 41-42 
mathematical formulation, 40 
open system, entropy flow, 39 
turkey embryonic development, 40-41 

Sliding filament theory, 3, 4,18 

Solar energy, 13 

Specific heat, 2; see also Heat capacity 

Standard enthalpy of formation, 1 
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Steam engine, 9-13 

Stuart salmon life cycle, 73-74 

System boundaries, 2 

T 

Technological sciences, 10 
Thermodynamic cycle, heat engines, 146-147 
Thermodynamic properties 
Alberty’s calculations, 97-98 
aqueous glucose enthalpy, 100-101 
biochemical systems, 97 
biological systems, 97 
chemical exergies, 97, 99 
chemical species under standard 
conditions, 96-97 

Chlamydomonas reinhardtii lipid exergy, 
105-107 

combustion enthalpy, 97 
ethanol water mixture, 80-81 
group contribution method 
chitin, 119-121 

constants of empirical equation, 108-109 
entropy of formation of biomass, 107 
glucose, 109-112 
Kopp’s rule, 107-108 
molecular groups, 106 
Neisseria meningitidis serogroup C 
antigen, 112-116 
octopine, 116-119 

specific heat of liquid aniline, 107-108 
specific heats of organic liquids, 108-109 
HHV 

of common fuels, 97, 99 
of methane, 100 
ideal and real gases 

compressibility factor, 81-82 
constants of empirical equations, 

84-85 

enthalpy, 84 
heat capacity, 84 
ideal gas law, 81 

molar mass, critical temperature, and 
critical pressure, 82 
molar volumes of carbon dioxide and 
acetic acid, 83 
reference state, 85 
volume of real gas, 83-84 
LHV 

of common fuels, 97, 99 
of methane, 100 


of mixtures 

biochemical mixtures, 130-141 
entropy, 122-123 

ethanol-water mixtures, 123-130 
ideal mixture, 121 
real mixtures, 121 

total volume of mixing balls with same 
diameter, 121-122 
phase rule, 79 
Saccharomyces cerevisiae 

enthalpy of combustion, 102 
enthalpy of formation, 102-104 
Gibbs free energy of formation, 104-105 
third law of thermodynamics, 102 
UCF, 101-102 
single-phase mixture, 80 
of water 

boiling point, 94 
bond energy, 87 
covalent O-H bond, 87 
critical point, 86 

energy estimation, hydrogen bond, 94 
hydrogen bonds, 87 
internal energy, enthalpy, and entropy 
calculation, 94-96 
International Association for the 
Properties of Water and Steam, 85 
MATLAB m-function Xsteam, 88, 92-93 
piston-cylinder system, 85-86 
saturated mixtures, 86 
saturated water table construction, 89-91 
saturation curve, 86 
steam tables, 85 
T vs. v diagram, 85-86 
water molecules orientation, 87 
Tricarboxylic acid cycle, 191-192 
Triglyceride synthesis reaction, 14 
Turbine impeller, 3 

u 

Unit carbon formula (UCF), 101-102 

V 

Ventura-Clapier theory, 63 

w 

Woodchucks, fat balance, 71-73 
Work loop technique, 4,19 



